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Selection of the suitable drilling fluid is one of the most essential parts of drilling processes. The 
main objectives of circulating a fluid during drilling a well are to carry the rock cuttings to the 
surface, to cool and lubricate the bit, to maintain wellbore stability, to reduce friction between the 
drill string and the borehole walls, to prevent fluid flow from penetrated permeable rocks, and to 
form a thin and a low-permeability filter cake with the minimum formation damage. However, 
recent advancement in drilling and completion plans showed that conventional drilling fluids are 
not effective and can damage the formation severely. In some cases, this damage becomes 
irreversible and permeability around the wellbore decreases considerably. This led the petroleum 
industry to the development of new type of drilling fluids, which is called non-damaging drilling 
fluids or drill-in fluids, to minimize formation damage and to improve well productivity as the 
main goals beside the environmental consideration. 
On the other hand, rapid increase in energy demand already forces oil companies to develop 
methods for producing from unconventional reservoirs as well as conventional ones. Tight gas 
reservoirs are the typical examples for such type of reservoirs. In case of unconventional reservoirs, 
due to complexity of drilling methods, formation damage by drilling fluids become more severe. 
The wells drilled in tight gas formations suffer mainly from water blockage problem. This is due 
xvii 
 
to much lower viscosity of gas than water, because water fills smaller pores of tight formation. 
Consequently, capillary forces cause water blockage. 
In this thesis work, damage mechanisms of conventional and non-damaging drilling fluids to the 
formations were studied by conducting a comprehensive literature review. 
The main objective of this work was to explore the possibility of formulating a proper non-
damaging water-based drilling fluid for tight gas reservoirs. The results showed that the optimum 
concentration of sodium silicate (Na2SiO3) reduces solid invasion completely, minimizes fluid 
invasion and prevents water blockage problem of the wells. It formed very thin, impermeable and 
easily removable filter cake, which led to increase in well productivity by obtaining the high return 
permeability.  In addition to these objectives, the effect of sodium silicate was observed on the 






 االسم الكامل: تورال جعفروف 
 ضاّرةعنوان الرسالة: تحسين انتاجية االبار في المكامن قليلة النفاذية باستخدام موائع حفر غير 
 التخصص: هندسة البترول 
 ٢٠١٧تاريخ الدرجة العلمية: مايو  
ئر هو إن اختيار مائع الحفر المناسب يمثل واحدا من األركان األساسية لعملية الحفر. من أهم وظائف ضخ مائع الحفر داخل الب
حمل الصخور المقطوعة إلى السطح، تبريد وتزييت حفّارة البئر، المحافظة على ثبات جدار البئر، تقليل االحتكاك بين عمود الحفر 
وجدار البئر، منع دخول الموائع من الطبقات المحفورة عالية النفاذية وتشكيل طبقة رقيقة ذات نفاذية قليلة بأقل تخريب للطبقات 
ن، التطور الحديث لخطط الحفر وتكملة اآلبار أوضح أن موائع الحفر العادية ال تستطيع التعامل معها بصورة جيدة المحفورة. ولك
وتتسبب في تخريب حاد للطبقات المحفورة. في بعض الحاالت، هذا التخريب يكون دائما وال يمكن معالجته مما سبب نقصانا 
تغير صناعة النفط إلى تطوير موائع حفر جديدة تسمي موائع الحفر غير التخريبية أو شديدا في النفاذية حول البئر. وقد قاد هذا ال
 ، لتقليل التخريب الطبقي وتحسين إنتاجية البئر وهو الهدف األساسي بجانب مراعاة البيئة.يموائع الحفر الداخل
ثة لإلنتاج من المكامن غير االعتيادية في المقابل، الزيادة السريعة لطلب الطاقة أجبرت مؤسسات النفط على تطوير طرق حدي
واالعتيادية على حد سواء. المكامن قليلة النفاذية هي مثال نمطي لهذه المكامن غير االعتيادية. في حالة المكامن غير االعتيادية، 
لمحفورة في طبقات نسبة لتعقيدات عمليات وطرق الحفر فإن التخريب الطبقي الناتج من موائع الحفر يصبح أكثر حدّة. االبار ا
قليلة النفاذية تعاني من مشاكل أهمها االنسداد المائي. هذه المشكلة تنتج نسبة للزوجة المنخفضة للغاز مقارنة بالماء، مما يؤدي الي 
 امتالء الفجوات الصغيرة بالماء وتتسبب القوى الشعرية بانسداد مائي.
وموائع الحفر غير المخّربة )موائع  ةالحفر االعتيادية، الغير االعتياديفي هذا البحث، طرق تخريب الطبقات الناتجة عن موائع 
 الحفر الداخلي( قد درست عن طريق بحث شامل للمصادر العلمية.
إن الهدف األساسي من هذا البحث هو لمحاولة تحضير مائع حفر غيّر مّخرب للطبقات مبني على أساس مائي مع تركيز مثالي 
( يستخدم في حفر الطبقات قليلة النفاذية للحد من تسرب المائع الي الطبقات ومنع مشكلة 3SiO2aNمن سيليكات الصوديوم )
االنسداد المائي في هذه الطبقات. وذلك بتكوين طبقة رقيقة، غير نفّاذة وسهلة االزالة على جدار البئر. الهدف النهائي يتمثل في 
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البئر المسترجعة. باإلضافة لهذه األهداف، تاثير سيليكات الصوديوم المالحظ زيادة إنتاجية البئر نسبة للكسب العالي في نفاذية 






1. CHAPTER 1 
INTRODUCTION 
1.1 Drilling Fluid Classification 
Drilling fluid is a vital part of drilling operations. Drilling fluids have several functions that 
play an important role in choosing them. These are: 
- Removing and carrying cuttings to the surface 
- Cooling and lubricating the bit 
- Reducing friction between the drill string and the borehole walls 
- Maintaining wellbore stability 
- Preventing fluid flow from penetrated permeable rocks 
- Forming a thin and a low-permeability filter cake. 
They are classified into three broad categories: water-based mud (WBM), oil-based mud 
(OBM) and gas mud. Each of them have their own properties and applicability conditions 
(Caenn et al. 2011). 
1.1.1 WBM 
WBMs are the most common types of drilling fluids. Saltwater and freshwater are used as 
their base components. They have several advantages, such as less loss of circulation due 
to formed filter cake by clay particles, increasing of viscosity because of clay hydration 
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that helps to carry cuttings to the surface more easily and low cost. Water-based drilling 
fluids constitute around 10% of total well cost. However, WBMs have also some 
disadvantages, like reduction in rate of penetration (ROP) and more pressure loss because 
of friction. 
1.1.2 OBM 
OBMs’ water content variees between 2 – 5%. Their applicability conditions are too broad 
and range from high pressure to deep wells and from unconsolidated formations to shale 
formations. This is because they introduce less drilling problems and less formation 
damage. Although, OBMs provide such superiorities than WBMs, they have limitations as 
well. These are mainly their very high cost and environmental pollution. Since, nowadays, 
HSE issues have already been more dominant in the decisions, OBMs are strictly 
prohibited by most countries. Therefore, oil companies are trying to avoid using them. 
1.1.3 Gas Mud 
Gas muds are used when formations are impermeable, which it limits their usage. They are 
different types as air or foam drilling muds. Main advantages of gas muds are higher ROP, 
better hole cleaning and less damage to formation. They have also some important 
disadvantages, such as inefficient borehole support and drilling in only underbalanced 
regime (Hossain and Al-Majed 2015). 
 
1.2 Drill-in Fluid 
Recent development in drilling (e.g. horizontal wells, maximum reservoir contact wells 
multi-lateral wells etc.) and completion plans showed that aforementioned conventional 
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drilling fluids are not effective and has resulted in severe formation damage and reduction 
in well productivity. This concern directed the petroleum industry to formulate non-
damaging drilling or so called drill-in fluids, such that formation damage and reduced well 
productivity became considerably smaller compared to conventional ones. Despite drill-in 
fluids decrease the damage level, still formulations require much attention due to different 
natures of the formations. Because of this reason, there is no unique solution and damage 
mechanisms should be identified clearly before starting to formulate drill-in fluid so that 
to achieve lower damage. 
1.2.1 Formation Damage Mechanisms 
There are several types of formation damage mechanisms. These mainly depend on 
composition and chemistry of drill-in fluid, used bridging material, spurt loss 
characteristics of drill-in fluid, maximum level of overbalance drilling etc (Amanullah and 
Allen 2013). Fig. 1-1 illustrates comparison between formation damage of conventional 
and drill-in fluids, respectively. Less formation damage means more hydrocarbon 
production. So, the drill-in fluid should be formulated by considering this fact so that to 
make damage as less as possible. Ideal drill-in fluid should have degradable solids, 
minimum drill cuttings, reduced fluid invasion, not chemically reactive filtrate with 





Figure 1-1. Formation Damage by Conventional and Drill-in Fluids (Mandal et al. 2006) 
 
1.3 Drilling Fluid Properties 
Drilling fluid properties include mud density, rheological properties, filtration, sand 
content, PH, alkalinity, water hardness, electrical conductivity. All these properties must 
be controlled. 
1.3.1 Density 
Mud density is an important parameter in determining hydrostatic pressure of mud column, 
which allows to decide to drill the well either in underbalanced or overbalanced regimes. 
For controlling density, several weighting agents can be added to the mud, such as barite 






PH determines acidity or alkalinity of mixing water. If PH=7, drilling fluid is called neutral. 
Water is acidic below this value and it is alkaline above seven. Rarely PH value decreases 
below 7. Typical value for PH is in between 8 and 12.5. Generally, the values above 10 are 
sign of corrosion. Therefore, PH for desired operating muds lies between 8.5 and 9.5. PH 
control is an important for detection and treatment of some contaminants, reduction in 
corrosion and maintenance of lime-treated drilling muds. 
1.3.3 Rheological Properties 
Rheological properties of drilling fluids consist of plastic viscosity (PV), yield point (YP) 
and gel strength. Viscosity is a measurement of resistance to flow. Apparent viscosity is 







  (1) 
where 𝐴 – cross-sectional area, cm2; 𝑙 – layer thickness, cm; 𝐹 – force, dynes; 𝑣 – velocity, 
cm/s; 𝜇 – apparent or dynamic viscosity, poise or dynes-sec/cm2; 𝜏𝑠 – shear stress, 
dynes/cm2; 𝛾 – shear rate, sec-1; 𝑑𝑣/𝑑𝑙 – velocity gradient, sec-1. 
Fluids are classified into two types: Newtonian and Non-Newtonian. Newtonian fluids are 
those, which their viscosities do not change with shear rate, e.g. water, light hydrocarbon 
oils, air etc. Apparent viscosity is constant for Newtonian fluids. However, the viscosity of 
plastic or Non-Newtonian fluids depends on shear stress, e.g. drilling fluids. Drilling fluids 
with high solid content may be expressed based on Bingham Plastic theory. The theory 
explains that a finite stress should be applied to allow flow of fluids and it will be 
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Newtonian at higher stresses. Decreasing of apparent viscosity with increasing of shear 
rate is called shear thinning. Shear thinning is an important property for reducing apparent 
viscosity. Viscosity will be low at high shear rates and high at low shear rates. 
Consequently, shear thinning increases carrying capacity of drill cuttings. Shear thinning 
fluids are called pseudo-plastic (Rao 2007). Thixotropic fluids are those in which their 
apparent viscosity decreases under constant shear stress and rate. The behavior of anti-
thixotropic fluids is completely opposite of thixotropic fluids, their apparent viscosity 
increases under constant shear stress and rate. Anti-thixotropic fluids are also known as 
rheopectic fluids by the industry (Tropea et al. 2007). Plastic viscosity (PV) is the flow 
resistance caused by mechanical friction, which occurs between solid content of the mud 
and the dispersed phase’s viscosity. Yield point (YP) is the required stress for fluid to start 
flowing. Gel strength can be decreased by adding thinners and increased by adding 
bentonite to the mud. It should be high enough for suspending drill cuttings in case of 
circulation stopped. 
1.3.4 Filtration 
Since the pressure of mud column must be greater than formation pressure for preventing 
fluid flow, drilling fluid would continuously invade the formation in case filter cake was 
not formed properly. For forming a filter cake, mud should have bridging particles that can 
prevent invasion of smaller particles to the formation. After trapping the finer particles with 
bridging particles, mud invades the formation. Fluid invasion process during mud cake 
forming is called filtration or mud spurt. There are two types of filtration in the well: static 
and dynamic. Static filtration is made when the circulation of drilling fluid is stopped, 
whilst dynamic filtration is made with the circulation of drilling fluid. Since dynamic tests 
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are time consuming, all the tests are done under static conditions. Common filtration 
control materials are starch, polymers, polyanionic cellulose (PAC), thinners etc. 
1.3.5 Sand Content 
Sand content of drilling fluid is identified as any particles of it larger than 74 μm. Periodic 
sand content determination is important as too much sand can result in the deposition of 
thick mud cake on the borehole. 
1.3.6 Alkalinity 
In addition to PH analysis, alkalinity is also important for the quality of drilling fluid. 
Alkalinity measurements can be used to estimate the concentration of hydroxyl (OH ͞ ), 
carbonate (CO32͞ ) and bicarbonate (HCO3 ͞ ). Drilling fluid additives require alkaline 
environment for functioning properly, especially some organic de-flocculants. 
1.3.7 Water Hardness 
Water hardness of mud is because of calcium (Ca2+) and magnesium (Mg2+) ions that are 
present in the water. Hard water has hard mineral contents such as calcium, magnesium 
and sometimes bicarbonates and sulfates. 
1.3.8 Electrical Conductivity 
The resistivity of WBMs is controlled and measured from electrical logs. To lower the 
resistivity, salt is used, to raise the resistivity, fresh water is used. This is because usually, 
salt has low resistivity and fresh water has high resistivity. The electrical stability test 
indicates the stability of OBMs. 
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1.4 Unconventional Reservoirs 
Unconventional reservoirs are the reservoirs that have low permeability and porosity, 
which make production of hydrocarbon very difficult. It requires advanced technology and 
special recovery operations. Example for unconventional resources are shale gas, shale oil, 
heavy oil, tight gas, coalbed methane etc. Rapid increase in energy demand forces oil 
companies to develop methods for producing hydrocarbons from unconventional 
reservoirs. Fig. 1-2 graphically explains the difference between conventional and 
unconventional deposits. As we see from the graph, unlike conventional, unconventional 
resources are in source rock, which makes difficult to drill wells to those formations and 
needs special attentions because of having high risk. 
 




1.4.1 Tight Gas Reservoirs 
Tight gas reservoirs are typical type of unconventional gas reservoirs with permeability 
less than 0.1 mD and produce mainly dry gas. Fig. 1-3 shows quality for all types of gas 
resources. Main challenge in this type of reservoirs is wells cannot produce at economic 
flow rate and require expensive technologies. For this reason, many wells should be drilled 
to the formation. Advanced well drilling technologies, such as drilling horizontal, 
multilateral or even maximum reservoir contact (MRC) wells, can be applied to increase 
overall flow rate. Best drilling plan is to drill a well in a near balanced regime for 
minimizing wellbore washouts and drilling mud invasion. Large hydraulic fracturing as a 
stimulation technique must also be done in order to increase the recovery percentage (Lake 
et al. 2007). 
 




The wells drilled to tight gas reservoirs mainly suffer from water blockage problem due to 
the interaction between water-based drilling fluid and formation. This is because of much 
lower viscosity of gas than water. Water fills smaller pores of tight formation and causes 
liquid build-up. In another word, capillary forces cause water blockage. As a result, gas 
production of the wells decreases considerably, which is a significant challenge for tight 
gas reservoirs as normally their production rate is low. To prevent water blockage, 
compatibility between formulated drill-in fluid and formation should be verified (Van 
Zanten et al. 2011). Liquid sodium silicate (Na2SiO3) is a strongly inhibitive material. Its 
particles in fresh water become in gel state and form a film-like barrier throughout the rock 
(Guo et al. 2005). Our study mainly investigates whether this gel will fill the micro pores 
of the tight rocks in order to minimize fluid invasion and prevent water blockage problem 
of tight gas reservoirs by forming a very thin and impermeable filter cake. A very thin filter 
cake has easily breakable character, which allows to have a high return permeability. On 
the other hand, obtaining a high return permeability means formation damage becomes 
considerably less. Moreover, fractures are also easily opened during fracturing job as a part 





2. CHAPTER 2 
LITERATURE REVIEW 
2.1 Drilling Fluids for Conventional Reservoirs 
William et al. (2014) studied the effects of nano sized copper oxide (CuO) and zinc oxide 
(ZnO) separately, in xanthan gum based drilling fluid and WBM with nanoparticle 
concentrations – 0.1, 0.3 and 0.5 wt%. Nanoparticle size was around 50 nm. The prepared 
nanofluid added to the WBM as 1 vol%. They reported that thermal conductivity increases 
with the increase of nanoparticle concentration for both xanthan and water based drilling 
fluids. For both cases, the results became higher for CuO nanofluids. Nanofluid WBMs 
showed about 35% higher thermal conductivity than WBM. Higher thermal conductivity 
means faster mud cooling and viscosity preservation, which is very important for HPHT 
environments. Similarly, electrical conductivity was also enhanced. Higher electrical 
conductivity observed for CuO nanofluids from 44 to 49%. The authors also observed the 
rheological properties at temperatures 25, 70, 90 and 110℃ and pressures 0.1 and 10 MPa. 
It was found that nanofluids stabilize the viscosity at higher temperatures. 
Barry et al. (2015) investigated rheological properties and fluid losses of a new drilling 
fluid with low solid bentonite that contains iron oxide (Fe2O3) nanoparticles (3 and 30 nm), 
iron oxide and aluminosilicate (Al2O3·SiO2) clay hybrid nanoparticles under LPLT and 
HPHT conditions. Their experiments demonstrated that adding iron oxide and 
aluminosilicate clay hybrid nanoparticles reduces fluid loss by 37% and 47% for LPLT and 
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HPHT, respectively. This was because of reduced filter cake permeability, which created 
strong electrostatic repulsion between hybrid particles and clay platelets. On the other 
hand, adding 0.5 wt% 3 and 30 nm iron oxide particles increased fluid loss to 14% for 
LPLT, but decreased to 28% for HPHT. The reason for reduction in HT is that nanoparticle 
iron oxide replaces Na2+ cations, which leads to a low filter cake permeability. 
Ismail et al. (2016) did the experiments for studying the effects of multi-walled carbon 
nanotube (MWCNT), nanosilica and glass beds in WBMs for rheological properties. The 
concentrations for both 21 nm MWCNT and 12 nm nanosilica were 0.001 ppb, 0.002 ppb, 
0.01 ppb, 0.02 ppb, 0.1 ppb, 0.2 ppb, whereas glass beds sizes were chosen as 90-150 μm 
and 250-425 μm to investigate for 2 ppb, 4 ppb, 6 ppb, 8 ppb, 10 ppb and 12 ppb 
concentrations. They reported that PV, YP, gel strength increased, whilst filtrate volume 
and mud cake thickness decreased for all nanofluids. MWCNT provided less fluid loss 
compared than others because of its high surface area and nanotube structure with 0.01 ppb 
4.8 ml and 0.01 ppb 4.5 ml. Their experiments also showed that friction coefficient 
decreases with adding nanoparticles to WBM, about 38%, 44%, 28% with MWCNT, 
nanosilica and glass beds (90-150 μm), respectively. Authors concluded that selection of 
MWCNT as a nanomaterial for WBMs can be better. 
Mahmoud et al. (2016) studied the effect 50 nm ferric oxide (Fe2O3) and 12 nm silica 
nanoparticles in bentonite-based drilling fluids for HPHT (500 psi, 350℉) conditions using 
Indiana limestone cores. They found that both nanoparticles increase rheological 
properties. 0.5 wt% ferric oxide increases YP more than 0.5 wt% silica. They also reported 
that using both additives together increases rheological properties, but the value is still less 
than 0.5 wt% ferric oxide. Both nanoparticles increased PV and gave almost similar results. 
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The experiments of the authors under static conditions demonstrated that 0.5 wt% ferric 
oxide nanoparticle reduces filtration loss by 42.7%. However, silica nanoparticles 
increased filtration loss and cake thickness adversely. They also reported that filter cake 
permeability decreased considerably by 76.38% and became 0.000345 mD with 0.5 wt%. 
Using ferric oxide in different conditions and silica resulted in higher permeability values. 
They also observed the effect of pressure (200-500 psi) and temperature (175, 200, 250, 
300, 350℉) on the filter cake behavior using 0.5 wt% ferric oxide nanoparticle. 
Observations showed that as the temperature increases at constant 300 psi, filter cake 
quality remains good and its permeability reduces to 0.000296 mD. The experiments also 
showed that temperature is dominant than pressure on filter cake behavior. 
 
2.2 Drilling Fluids for Unconventional Reservoirs 
Guo et al. (2005) prepared KCl/sodium silicate based drilling fluid for shaly Aradeiba and 
Abu Gabra formations in Sudan. Authors reported that new formulated mud system gave 
better rheological properties and filtration volume in comparison with previous systems, 
such as KCl/polymer, KCl/lime/polymer and KCl/Partially Hydrolized Polyacrylamide. 
The authors recommended that the ratio of KCl, silicate and bentonite should be kept in 
the range of (5-8):(7-11):(1-3). The reported filtrate volume at HPHT condition was 
ranging between 11-13 ml. 
Lakatos et al. (2010) studied effect of using water-based drilling fluids for tight gas 
reservoirs. They investigated that because of small pore structure and water-wetness of 
unconventional gas reservoirs, very high capillary forces dominate the flow and this 
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resulted in water blockage problem, if water-based drilling fluid is used. Consequently, it 
causes serious formation damage. They recommended to use non-ionic surfactants, like 
ethoxylated alkyl phenols with different ethoxy number for lowering surface tension and 
altering wettability i.e. from strongly water-wet to intermediate or oil-wet. They also 
suggested to use organic or oil-based muds for drilling wells to tight gas reservoirs. 
McDonald (2012) offered new high ratio potassium silicate water-based drilling fluid 
formula for shale gas and tar sand reservoirs. The new ratio was ranging between 4 and 12. 
He determined that high ratio potassium silicate is chemically more reactive and can easily 
enter to polymerization and precipitation reactions, since it is believed to be the mechanism 
of shale stabilization. His investigations showed that the new formula increases the 
effectiveness of shale hydration prevention and wellbore stabilization such as micro 
fractures seal. This new formula gave also good results in tar sand reservoirs for SAGD 
operation, which it prevented expansion of bitumen as well as providing shale stabilization. 
Young & Friedheim (2013) studied the effect of water-based drilling fluid with 3% wt. 
nano sized silica solution for Mancos shale and Texas shale gas core samples. They 
researched that 3% wt. nanosilica particles successfully plug small pores of shale 
formations. The permeability of Mancos and Texas gas shale samples decreased to 98% 
and 100%, respectively. The experiments showed that very small amount of water could 
invade into the pores, which is negligible. The reported filtrate volume at 200℉/500 psi 
was 8.8 ml. 
Yadav et al. (2015) formulated water-based drilling fluid for shale gas reservoir in Saudi 
Arabia to drill horizontal, deviated and extended-reach wells for maximizing recovery. 
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They reported that drilling fluid with nano-based polyacrylamide + polyamine derivative 
prevents shale hydration and swelling better than KCl polymer based drilling fluid, where 
the difference is about 5%. KCl polymer based mud showed also poor results in fluid loss 
compared than nano-based drilling fluid, where nano-based mud gave 15 ml filtrate 
volume. It is dispersed to micronized particles and provided enhanced wellbore stability. 
Their study also showed that the formula with high temperature lubricant and ROP 
enhancer reduces lubricity coefficient significantly than other formulated fluids such as 
OBM and WBM with ester-based lubricant. 
 
2.3 Drill-in Fluids for Conventional Reservoirs 
Conners & Bruton (1979) used clear brine completion fluids – calcium chloride/calcium 
bromide (CaCl2/CaBr2) with densities 13.5 to 13.6 lb/gal as a drill-in fluid for the wells 
drilled into the Cal Canal field in California, USA. Initially, barite weighted WBM has 
been used, which later resulted in very high skin damage (+74.3) because of pore plugging 
of barite particles. Consequently, it was decided to prepare a fluid with no solid and not 
damaging additives. Calcium chloride/calcium bromide was selected containing 
viscosifiers and fluid loss control agents. It was considered as Newtonian, because hole 
cleaning was a function of velocity, not viscosity. Because of this reason, density of the 
brine remained constant. However, fluid loss of brine became 25% in total, which was 
higher than barite weighted WBM. Production remained the same. The authors also 




Fraser et al. (1999) studied the performances of polymer/sized KCl, polymer/sized 
carbonate and bentonite/mixed metal hydroxide (MMH)/sized carbonate drill-in fluids for 
Ketton limestone, Clashach and Birchover sandstone core samples. Dynamic filtration 
results showed that bentonite/MMH rapidly forms a cake. Fluid loss data showed that with 
barite-weighted bentonite/MMH was lower than polymer/sized KCl, which measured for 
Ketton and Clashach core samples under static and dynamic conditions. The recorded 
volumes was 6, 2.2, 1.6 ml with bentonite/MMH, polymer/sized carbonate and polymer 
sized KCl, respectively, under API conditions. The authors also investigated that 
polymer/sized KCl caused more damage to the rock samples than carbonated-weighted 
fluids. 
Dobson et al. (2000) formulated silica (SiO2)/polymer calcium bromide (CaBr2) brine 
drill-in fluid with 13.2 lb/gal density to drill geopressured horizontal wells at 185℉ bottom 
hole temperature in the Gulf of Mexico. The fluid loss was ranging between 32-55 ml. The 
authors reported that formic acid (HCOOH) was used to remove the filter cake and return 
permeability was more than 90%. They also mentioned that this novel drill-in fluid system 
provided good lubricity and shale stabilization and density without adding weighting agent. 
Cobianco et al. (2001) designed a statistical experiment under dynamic conditions for 
scleroglucan and xanthan gum/CaCO3 drill-in fluids to study many variables at 200℉ with 
STATISTICA v. 5.0 software package. The study included viscosity inducing polymers, 
the bridging particle concentration, the fluid density and the rock permeability. They 
determined that filter cake permeability and filtrate volume is influenced by scleroglucan 
concentration. Increasing its concentration decreases cake permeability and filtrate 
volume. They also determined that the concentration of cross-linked starch also influences 
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filtration properties. Simultaneous increasing the concentration of both scleroglucan and 
cross-linked starch decreases permeability and filtrate volume. However, xanthan gum has 
reverse effect, as it increases cake permeability and filtrate volume. The authors found that 
density has the same effect on both fluid types, as filtration properties increase with higher 
density values. The typical spurt loss was 14 ml for polymer/CaCO3. Their statistical 
analysis also showed that bridging agent concentration, ranging between 5% and 20%, of 
CaCO3 doesn’t have effect on filtration properties. Therefore, for minimizing possible 
problems that occurs by solid particles, it is recommended to use minimum amount (5%) 
of calcium carbonate. The authors also studied return permeability values for both drill-in 
fluids. Formation damage test results showed that scleroglucan/CaCO3 gives 100% return 
permeability, while xanthan gum/CaCO3 gives only 75% at 200℉. 
Nasr-El-Din et al. (2002) studied the efficiency of solvents – ethylene glycol 
monobutylether (EGMBE) and 15 vol% blend of glycol ethers (E-2) for removing water 
blockage problem by decreasing surface tension of water droplets in tight oil carbonate 
reservoir of the Ghawar field area in Saudi Arabia. The reservoir temperature was 200-
220℉. They reported that increasing the concentration of both solvents beyond 10% 
doesn’t have any significant effect on lowering surface tension. E-2 at 100% concentration 
causes significant damage with 60% permeability loss for the high permeability core and 
84 permeability loss for the low permeability core. This is because of salt and emulsion 
precipitation by E-2 solvent. The authors also investigated that both solvent treatments give 
almost the same permeability recoveries for the low permeability cores – 84.9% and 83.5% 
by E-2 and EGMBE, respectively. Similar results also obtained for the high permeability 
cores such as 92.7% and 87.4% by E-2 and EGMBE, respectively. 
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Sanchez et al. (2004) observed the performance of scleroglucan and xanthan polymers 
separately for three drill-in fluid formulas with different additive concentrations and made 
the comparisons among them. Clashach sandstone cores used for the experiments. Since 
the polymer doesn’t behave as stable at about 120℃ temperature, the authors proposed to 
use scleroglucan as an alternative to xanthan gum in the drill-in fluid formula. They 
prepared the optimized scleroglucan drill-in fluid for high temperature/high permeability 
reservoirs, because it was already proposed for low permeability reservoirs. Static filtration 
experiments demonstrated that lowest filtrate volume and mud cake permeability are 
obtained by scleroglucan polymer. Dynamic filtration experiments on core samples 
showed that the invasion rate of scleroglucan-based drill-in fluid is half of the xanthan-
based one at 250℉ temperature. The obtained minimum filtrate volume was 8.2 ml with 
scleroglucan-based drill-in fluid at 80℃ temperature under 35 bar pressure. 
Al-Yami et al. (2010) studied the behavior of the three – KCl/BaSO4/CaCO3, 
KCOOH/CaCO3 and Mn3O4 water-based drill-in fluids for Unayzah sandstone formation 
in Saudi Arabia, where shale stabilization is one of the main problems in this reservoir. It 
requires about 95 lbm/ft3 drilling fluid density. Their experiments showed that all the three 
fluid types damage the core samples. However, the highest damage level occurred by 
KCl/BaSO4/CaCO3. KCOOH/CaCO3 and Mn3O4 water-based drill-in fluids followed it. 
Although, the highest return permeability obtained by Mn3O4 water-based fluid with 66%, 
but fluid loss was also higher than other drill-in fluids, which was ranging between 9-13 
ml under dynamic and static conditions. 
Huang et al. (2011) introduced a new surfactant micellar-based polymer and solid free 
drill-in fluid with 10 wt% organic acid (OA) + 2 vol% surfactant + 0.2 vol% internal 
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breaker base composition for carbonate reservoirs. They explained that as surfactant 
micellar fluids have a strong shear-thinning viscosity property, very high viscosity can be 
achieved with low shear rate, which is desirable. The authors reported that this drill-in fluid 
without internal breaker achieves the high viscosity – 100000 cp with almost zero shear 
rate, which reduces fluid loss and carries drill cuttings to the surface. The reported filtrate 
volume was around 325 ml at 150℉ under 100 psi pressure. After drilling the targeted 
formation, internal breaker is added to the fluid and it decreases fluid viscosity 
significantly, where the acid reacts with CaCO3 and PH decreases. Reduced viscosity 
forces fluid to flow back and consequently, make a very low formation damage. 
 
2.4 Drill-in Fluids for Unconventional Reservoirs 
Zabala et al. (1999) prepared drill-in fluid, which is called Stable Mul System, for heavy 
oil – Bare, Melones and Arecuna fields in Venezuela. Basic components of Stable Mul 
System were any type of oil i.e. mineral, vegetal, diesel, polyalphaolefins etc. and 
surfactant Stable Mul - stabilizers and emulsifiers. They used this drill-in fluid for more 
than 100 wells, including vertical, horizontal and multilateral wells. Since the oil was 
heavy, ranging between 8 and 12 API, the reservoir pressure was very low. On the other 
hand, since, the wells drilled 5500 ft deeper, the temperature increases by going deeper as 
well. As a result, both of these conditions should be considered, when drill-in fluid is 
formulated. Stable Mul System provided 7.4 ppg density as free from solid and showed 
stable temperature up to 300℉. They reported that this drill-in mud demonstrated no 
formation damage, which the maximum filtrate volume became 5 ml and return 
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permeability was 89%. The authors also did comparisons with those wells that where 
drilled with WBM and OBM and reported that the production rate of wells, drilled with 
Stable Mul, increased about 30%. 
Siddiqui & Nasr-El-Din (2005) investigated the effectiveness of various cleaning fluids, 
such as acidic brines, non-ionic surfactant, mutual solvent – ethyleneglycol 
monobutylether, specific enzymes and combination of them, in removing the filter cake 
made by water-based drill-in fluids. They did the experiments for seven core samples that 
have been taken from the horizontal wells drilled in Unayzah B tight gas reservoir in Saudi 
Arabia. The reported filtrate volume at 280℉ was 18 ml. The authors determined the return 
permeability values for each core sample with different washing scenarios. They observed 
that washing core samples alone with neither acidic brines, nor surfactant, nor mutual 
solvent and nor enzymes gives good results and combination of them should be applied for 
better performance. Final observations showed that using 7 wt% KCl brine that contains 
surfactant and mutual solvent minimizes water blockage. Specific enzymes treatment was 
applied after cleaning with 15 wt% HCl brine and the combination gave 61% return 
permeability, which it is 20% higher than washing with only acid. Since formation damage 
could not be removed completely, authors recommended also performing organic acid 
treatment before or after enzyme treatment, because enzymes cannot remove calcium 
carbonate particles. 
Van Zanten et al. (2011) studied the effect of surfactant treatments after using water or 
brine-based drill-in fluids for altering wettability and elimination of emulsion blockage in 
tight oil and water blockage in tight gas formations. Core sample for tight oil has been 
taken from carbonate formation of North America and for tight gas from Crab Orchard 
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sandstone formation. They used surfactant packages – MS1, MS2, S1, SS1, SS2, SS3, FS1 
and FS2 as an additive. The authors observed that two Windsor IV microemulsion forming 
surfactant packages – MS1 and MS2 are the most effective ones for gaining higher return 
permeability values. Especially, MS1 treatment showed highest results with 103% and 
100% regain permeability values for tight oil and tight gas cores, respectively. They also 
reported that two common damage types that were caused by lubricant and corrosion 
inhibitor additives also decreased by using surfactant additives. 
El Bialy et al. (2011) designed a drill-in fluid with potassium formate (KCOOH) brine and 
manganese tetra oxide (Mn3O4) weighting agent to provide 114 lb/ft3 density. It was used 
for drilling a vertical appraisal well to Unayzah A and B sandstone tight gas reservoirs in 
Saudi Arabia. They reported that using manganese tetra oxide as a weighting agent allowed 
density increase compared than calcium carbonate (CaCO3). On the other hand, friction 
and drag reduced due to reduced particle size and spherical shape of manganese tetra oxide. 
As a result, it improved equivalent circulating density (ECD) and plastic viscosity control. 
The authors mentioned that since manganese tetra oxide is acid and enzyme soluble, they 
got very high – about 99.3% return permeability (ki = 0.0606 mD, kf = 0.0602 mD) with 
less than 14 ml filtrate volume. It was also reported that the formulated drill-in fluid showed 
very high stability at the bottom hole temperatures exceeding 155℃. 
Han et al. (2012) formulated sodium chloride (NaCl) brine-based drill-in fluid with 3.5% 
potassium chloride (KCl) and 3% glycol additives to drill 4 horizontal wells to Peregrino 
heavy oil field in Brazil. The wells completed as an open-hole with sand screens and gravel 
packing. The oil density was 13 API. To make comparisons, the authors designed three 
WBMs – with NaCl/KCl, NaCOOH and CaCl2 and two OBMs – with barite-weighted 
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OBM and brine-weighted Low Solid OBM. Based on their observations, they determined 
that 3.5% potassium chloride (KCl) and 3% glycol additives are ideal for inhibition of 
moderately reactive shales, which is present in Peregrino filed. The experiments showed 
that return permeability is almost the same for each of the five formulas. They used mineral 
oil as a washing fluid and got permeability vales for NaCl/KCl WBM and LS OBM 
between 68% and 76% with 6.8-7.2 and 1.9-2.9 ml fluid losses, respectively. The authors 
indicated that formation damage is low and NaCl/KCl formula can be accepted as non-











3. CHAPTER 3 
PROBLEM STATEMENT AND RESEARCH 
OBJECTIVES 
Having reviewed the previous research and studies, it can be concluded that previous 
studies mainly focused on elimination of water blockage problem of tight gas formations 
induced by water-based drill-in fluids during drilling process rather than to prevent it from 
the commencement of drilling. Based on this observation, our study focuses on 
investigating the performance of sodium silicate (Na2SiO3) in the formulated non-
damaging drilling fluid. The main objective is to determine the optimum sodium silicate 
concentration that will minimize fluid invasion, prevent water blockage and reduce solid 
invasion problems of the wells drilled into tight gas formation. 
The specific objectives of this research are as follows: 
 Formulating a proper non-damaging barite-weighted water-based drilling fluid and 
determining the optimum sodium silicate concentration 
 Evaluating the effect of sodium silicate on the rheological properties of the formulated 
drill-in fluid 
 Evaluating the effect of sodium silicate on the barite solubility 
 Improving well productivity by obtaining the high return permeability after forming 
the very thin, impermeable and easily removable filter cake 
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 Assessing the effect of optimum concentration of sodium silicate on the sag 




METHODOLOGY AND EXPERIMENTAL APPARATUS 
4.1 Work Plan 
The diagram in Fig. 4-1 schematically illustrates the work plan. 
4.1.1 Core Samples Preparation 
The obtained core block is belong to Scioto tight sandstone formation. The samples have 
been plugged from the block with 2.5” diameter bit and cut in 0.25” and 2” lengths. Typical 
core samples with aforementioned specifications are shown in Fig. 4-2. After that they 
have been vacuumed for 6 h, then 100% saturated in 3 wt% potassium chloride (KCl) brine 
under 2000 psi pressure for 24 h with Saturator as shown in Fig. 4-3. It should be noted 
that since the core samples are sandstone, they were saturated with 3 wt% KCl brine. The 
reason is pores of sandstone cores have clay inside them. Saturating with water leads to 
loosening of clay particles, which is undesirable. Loosening of clay particles may result in 
change in permeability and pore structure from original condition. Because of it, sandstone 
cores should only be saturated with KCl brine. 
4.1.2 Density and PH Measurements 
The density and PH of the drill-in fluid have been measured with Mud Balance and 
OAKTON pH 2700, respectively, as shown in Figs. 4-4 and 4-5. The measurements have 
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been carried for the base fluid and for 0.05, 0.075, 0.1, 0.5, 1, 1.5 and 2 wt% sodium silicate 
concentrations in the base fluid. 
4.1.3 Rheology Test 
4.1.3.1 Plastic Viscosity and Yield Point Measurements 
Plastic Viscosity (PV) and Yield Point (YP) have been measured at room temperature, 
100℉, 140℉ and 170℉ under atmospheric pressure with Grace M3600 Rheometer as 
shown in Fig. 4-7 and at 300℉ under 300 psi pressure with Chandler 7550 HPHT 
Viscometer shown in Fig. 4-8. 
𝑃𝑉 = Φ600 − Φ300 
𝑌𝑃 = Φ300 − 𝑃𝑉 
where 𝑃𝑉 – plastic viscosity, cp; 𝑌𝑃 – yield point, lb/100ft2; Φ600 and Φ300 – torque 
readings at 600 and 300 RPM, respectively, RPM. 
4.1.3.1.1 Measuring by Grace M3600 Rheometer 
The prepared fluid sample was put into the stainless steel sample cup by raising till the 
scribed line of a rotor. The rotor produces torque on the bob. The machine has two 
operational modes: standalone and PC integrated. It has been operated through PC by using 
M3600DAQ™ software. Since this equipment can only be operated under atmospheric 
pressure, maximum temperature cannot exceed 200℉. The sequence below was followed 
to perform the tests: 











Figure 4-2. Typical 0.25” and 2” Scioto Tight Sandstone Core Samples After 100% Saturation with Brine 
 
 




Figure 4-4. Digital Weight Balance 
 
 





Figure 4-6. OAKTON pH 2700 
 
wt% sodium silicate concentrations 
 Filled the sample cup with 150 ml and raised it up to scribed line 
 Determined the correct test sequence for each temperature from the setup of 
M3600DAQ™ software and done the tests at room temperature, 100℉, 140℉ and 
170℉ 
 Started to the real time test by using aforementioned software 
 Got the results in Excel sheet at the end of the test 
 Performed the tests for all the base fluid and with the added sodium silicate 
concentrations 
 Turned off the machine after finishing the test 
 Cleaned the bob and sample cup. 
4.1.3.1.2 Measuring by Chandler 7550 HPHT Viscometer 
The equipment has been operated through PC by using Rheo 7500 software. 300 psi 
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pressure was applied so that to prevent evaporation at 300℉. The sequence below was 
followed to perform the tests: 
 
 
Figure 4-7. Grace M3600 Rheometer 
 
 






 Prepared the base drill-in fluid and with the added 0.05, 0.075, 0.1, 0.5, 1, 1.5 and 2 
wt% sodium silicate concentrations 
 Filled the sample cup with 110 ml fluid sample 
 Turned on heater and set the temperature as 300℉ 
 Turned of pressure pump and applied 300 psi to prevent evaporation 
 Started Rheo 7500 software and chose the appropriate schedule to perform the real time 
test 
 Turned off the heater and pressure pump 
 Once the equipment cooled down, disassembled the parts for cleaning 
 Performed the tests for all the base fluid and with the added sodium silicate 
concentrations 
4.1.3.2 Gel Strength Measurements 
Gel strength values both for 10-second and 10-minute have also been obtained at room 
temperature, 100℉, 140℉ and 170℉ under atmospheric pressure by using Grace M3600 
Rheometer and at 300℉ under 300 psi pressure with Chandler 7550 HPHT Viscometer. 
All the steps have already been explained in the section 4.1.2.1 and the gel strength values 
were also obtained by the similar way. 
4.1.4 Solubility Test 
A number of solubility tests have been performed to check the effect of sodium silicate on 
barite (BaSO4) solubility based on the single stage barite filter cake removal method of Ba 
geri et al. (2015). The tests have been done with the magnetic stirrers as shown in Fig. 4-
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9. By following the standards, the experiments have been conducted with 350 RPM stirring 
rate and at 200℉ temperature for 24 h using condensers to make sure that there is no 
evaporation. 50 ml solution, including 20 wt% chelating agent – potassium-based 
diethylene triamine penta acetic acid (DTPA), 6 wt% catalyst – potassium formate 
(KCOOH) and 7 wt% enzyme, was prepared for mixing with 2 g barite. By doing sieve 
analysis, 75 μm-sized barite has been used in the experiments. After that 2, 4, 6 and 8 wt% 
sodium silicate concentrations have been added to the prepared solutions. Additionally, 
after finding the optimum sodium silicate concentration, the experiment has been repeated 
without catalyst as well.  After 24 h, the solutions have been filtered with 2 μm filter paper 








filter paper with the remained barite has been put into the oven to dry at 300℉ for 1h. After 
drying, the weight of remained barite and filter paper have been measured together. By 
extracting before and after weights, the weight of remained barite has been recorded. 
Dissolved weight of barite has been calculated by extracting initial (2g) and remained barite 
weight. The solubility was measured by dividing dissolved and initial weight of barite: 
𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 % =
𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐵𝑎𝑟𝑖𝑡𝑒
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐵𝑎𝑟𝑖𝑡𝑒
 𝑥 100% 
Below sequence was followed to perform the tests: 
 Prepared the solution – 20 wt% potassium-based DTPA, 6 wt% potassium formate and 
7 wt% enzyme to mix with 2 g 75 μm-sized barite 
 Added 2, 4, 6 and 8 wt% sodium silicate to the solution 
 Put the solution on the magnetic stirrer with 350 RPM stirring rate and at 200℉ 
temperature for 24 h 
 Measured the weight of 2 μm filter paper 
 Filtered the solution on the filter paper by using vacuum machine 
 Put the filter paper with the remained barite into the oven to dry at 300℉ for 1 h 
 Measured the weight of filter paper and remained barite after drying 
 Extracted the weight of filter paper + remained barite and the weight of filter paper to 
find the remained weight of barite 
 Extracted the initial and remained weights of barite to find the dissolved weight of 
barite 
 The solubility has been determined by dividing dissolved and initial weight of barite 
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 Above steps have been repeated by the same way for each sodium silicate 
concentrations 
 Prepared the solution without catalyst (potassium carbonate) with the optimum sodium 
silicate concentration and repeated above steps to get the solubility. 
4.1.5 Static Filtration Test 
4.1.5.1 Collecting Filtrate Volume and Measuring Filter Cake Thickness 
Importance of filtration process has already been mentioned under Drilling Fluid Properties 
section in the Chapter I. Since dynamic filtration test is time-consuming, usually static 
filtration test is performed. The static filtration experiments have been performed by the 
Modified Fann HPHT Filter Press shown in Fig. 4-10. The setup has been installed in the 
PETE lab. By performing filtration test, filtrate volume and filter cake thickness were 
measured. Filtration characteristics of the drill-in fluid were observed based on these 
measurements. Below sequence was followed to perform the tests: 
 Stirred the fluid sample for 10 minutes with high speed mixer 
 Placed the 0.25” or 2” core sample into the cell by covering with Teflon. For 2” core 
sample, the spacer inside the cell has been modified 
 Tightened the lower cell cap and filled the fluid sample by leaving an enough space for 
expansion 
 Tightened the top cell cap and placed the cell into the heating jacket 
 Turned on the equipment and increased temperature up to 300℉ by adjusting through 
thermostat. Pilot light indicates the temperature on the heating jacket 
 Opened pressure valve of nitrogen tank and applied 250 psi back pressure 
 Put the thermometer in the cell and waited until increasing to 300℉ temperature 
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 Put the glass cylinder under the filtrate line to collect the filtrate volume 
 Applied 500 psi inlet pressure to make 250 psi delta pressure (∆P) once the temperature 
reached to 300℉ and filtration started automatically 
 Recorded the volume from 10 second until 30 minutes 
 After finishing the filtration, closed the top valve and main pressure source 
 Bleed the pressure carefully by opening the pressure line that goes to main pressure 
source 
 Removed the core sample from the cell 
 Washed it with water gently and measured the filter cake thickness by using caliper 
 
 




 Did the experiments for the base fluid and with added 0.05, 0.075, 0.1, 0.5, 1, 1.5 wt% 
sodium silicate concentrations 
4.1.5.2 Measuring Initial and Return Permeabilities 
To make a clear comparison, the initial and return permeability values have been calculated 
before and after damaging the core sample. Similar to filtration test, these measurements 
have also been carried with Modified Fann HPHT Filter Press, but with addition of Flow 
Rate Controller as shown in Fig. 4-11. 2” core sample was used for this reason. Below 
sequence was followed to perform the measurements: 
 Measured brine viscosity 
 Placed the 2” core sample into the cell by covering with Teflon 
 Tightened the lower cell cap and filled with brine 
 Tightened the top cell cap and placed the cell into the heating jacket (without heating) 
 Filled the cell with brine that is connected to the flow rate controller so that to inject 
brine under constant flow rate inside the cell that the core sample placed 
 Opened pressure valve of nitrogen tank and applied over 200 psi back pressure 
 Turned on the flow rate controller for applying constant flow rate 
 Put the cup to collect brine once the required pressure under constant flow rate passed 
the applied back pressure 
 Started Omega software to read the voltage readings of transducers corresponding to 
each flow rate 
 The recorded voltages converted to pressure values based on the calibration data in real 
time 





Figure 4-11. Modified Fann HPHT Filter Press with Flow Rate Controller while Measuring Permeability 
 
 The same sequence repeated for 0.5, 1, 1,5 and 2 ml/min constant flow rates 
 Plotted the ∆P values against corresponding to the q values in Excel sheet and obtained 
slope 





  (2) 
where, 𝑘 – permeability, D; 𝑚 – obtained slope from q vs. ∆P; 𝜇 – brine viscosity, cp; 𝑙 – 
length of the core sample, cm; 𝐴 – surface area of the core sample, cm2. 
The calculation of the return permeability is slightly different than the calculation of initial 
permeability. The return permeability is calculated after doing the filtration test or with 
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another word, after damaging the core sample. The formed filter cake was removed by any 
convenient tool, completely. For not to break the core sample, the removing of filter cake 
was done gently. Afterwards, non-filter cake formed or production side of the core sample 
was placed in the cell as an upper side. Rest of the procedures are applied same as the initial 
permeability calculation. 
4.1.6 Stability Test 
4.1.6.1 Static Sag Test 
Static sag test is done mainly, when barite is used as a weighting material in the drilling 
fluid. It is because barite separates from the liquid and settles at the bottom. As a result, the 
density is fluctuating and it may cause problems during drilling process. Typical static sag 
test unit is shown in Fig. 4-12. First of all, the fluid has been stirred by a high speed fluid 
mixer for 10 minutes. Meantime, a Teflon was placed in the cell to reduce the amount of 
the used fluid sample. The cell with Teflon has been filled with the fluid and tightly closed 
with the screws. 300 psi pressure was applied to prevent from evaporation at 300℉ and 
then put to the oven vertically for 24 hours. After 24 hours, the cell was taken carefully and 
cooled down without releasing the pressure. Once it was cooled, the pressure was released. 
Thereafter, using by syringe, the free fluid on the sample was removed from it in case of 
presence and two fluid samples were taken, one from top and one from bottom, 





  (3) 
where 𝜌𝑏𝑜𝑡𝑡𝑜𝑚 – density at the bottom, g/ml and 𝜌𝑡𝑜𝑝 – density at the top, g/ml. 
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The sag factor for the fluid must be between 0.5 and 0.53 for having a sag good 
performance. Having the sag factor higher than 0.53 means, the fluid has a poor sag 
performance and most likely, the solid particles are going to settle. 
4.1.7 Structural Analysis 
4.1.7.1 Slice-by-slice Analysis and Computed Tomography (CT) Numbers of Core 
Samples 
The core samples have been scanned before and after filtration test by Toshiba Computed 
Tomography (CT) Scanner as shown in Fig. 4-13. Being done CT Scan of the core samples 
provides a clear idea how fluid has invaded. CT Scan imaging has been done as slice-by-
slice. 0.25” cores were divided to 6 slices, while 2” core was divided to 50 slices. By using 
VoxelCalc software, CT numbers were obtained for each slice. Based on these CT numbers, 
fluid invasion could be characterized and compared as before and after damage. 
 
 





Figure 4-13. Toshiba CT Scanner 
 
4.1.7.2 Cross-sectional Analysis of Core Samples 
By working with PerGeos software on the obtained CT scanning data of the core samples, 
the cross-sectional views were extracted and compared as before and after damage. These 




The whole work was done on the actual drilling fluid formula that is currently used in one 
of the tight gas reservoirs in Middle East region. The list of the additives is given in Table 
4-1. Some of the chemicals were excluded from the formula, due to their unavailability in 




- Drill Zone 
- OES Liquid Gilsonite 
- Lubricant CBR600 
- Steelseal Fine & Super Fine 
- Marble Medium Mi Sch 
- Sureseal 
In the table, the amount, primary function and mixing time of the additives are given, 
except mixing times of the excluded ones. On the other hand, instead of fresh water, 


















Table 4-1. Details of the Additives in the Drill-in Fluid Formulation 
Additives Amount Primary Function Mixing Time 
Distilled Water 241.5 ml - - 
Soda Ash (Na2CO3) 0.5 g Contaminant Remover 10 min 
Defoamer 0.01 g Defoamer 30 sec 
Bentonite 5 g Viscosifier 15 min 
XC Polymer 1 g Viscosifier 20 min 
Caustic Soda (NaOH) 0.25 g PH Adjustment 10 min 
Sodium Sulphite (Na2S) 0.3 g Oxygen Scavenger 10 min 
Sodium Chloride (NaCl) 22 g Weighting Material 10 min 
Starch 4 g 
Fluid Loss Additive at Low 
Temperatures 
20 min 
CaCO3 25 & ˂38 mic. 3 + 3 g Bridging Material 10 min 
Barite 278 g Weighting Material 20 min 
Resinex 3 – 6 g 
Fluid Loss Additive at High 
Temperatures 
- 
Drill Zone 2 – 3 % ROP Enhancer - 
OES Liquid Gilsonite 3.34 g Shale Stabilizer - 
Lubricant CBR600 3% Lubricant - 
Steelseal Fine & Super 
Fine 
2 + 2 g Bridging Material - 
Marble Medium Mi Sch 10 g Weighting Material - 
Sureseal 2 g Bridging Material - 
Sodium Silicate (Na2SiO3) 
0.05, 0.075, 0.1, 
0.5, 1, 1.5, 2 wt% 






RESULTS AND DISCUSSIONS 
5.1 Density and PH Results 
Table 5-1 summarizes all density and PH measurements. 
 









0 9.86 14.3 107 
0.05 9.9 14.3 107 
0.075 10 14.3 107 
0.1 10.05 14.3 110 
0.5 10.23 14.85 111 
1 10.38 15 112 
1.5 10.48 15.1 113 
2 10.45 15.1 113 
 
5.1.1 Effect of Sodium Silicate on Density 
The experiments showed that adding sodium silicate to the base formula doesn’t have any 
significant effect on density and stays almost constant as can be observed in Fig. 5-1. It 
ranges between 107-113 pcf, which these values are desirable. As tight gas is located in 




Figure 5-1. Effect of Na2SiO3 on Density 
 
5.1.2 Effect of Sodium Silicate on PH 
Like in density measurements, sodium silicate showed negligible effect on PH as well. It 
is clearly observed in Fig. 5-2 that PH stays constant around 10. Having PH around 10 
means corrosion rate is very low. 
5.2 Rheology Results 
As discussed in Chapter 4, the rheology tests up to 170℉ have been performed under 
atmospheric and at 300℉ under 300 psi pressure. In the beginning the plan for rheology 
tests was to observe 0.5, 1, 1.5 and 2 wt% sodium silicate concentrations. However, later 
on the plan was updated due to the filtration test results and made a decision to observe 





















Figure 5-2. Effect of Na2SiO3 on PH 
 
temperature rheology measurements were also done for only low concentrations up to 0.1 
wt%. This will be discussed in the filtration results detailed. 
5.2.1 Effect of Sodium Silicate on Rheological Properties at Room 
Temperature 
Analyzing Fig. 5-3 demonstrates that 0.05 wt% sodium silicate has almost same PV value 
with base fluid. However, adding more sodium silicate increases it, as it can be observed a 
big jump from 25 to 35 cp for 0.05 to 0.075 wt%, respectively. PV stabilizes for 0.1, 0.5 
and 1 wt% around 30 cp, while it again increases to 35 cp with 1.5 and 2 wt%. These 
observations show that higher concentrations increase PV, while lower concentrations do 
not affect as higher ones, except 0.075 wt% at room temperature. This concentration’s 



















Unlike PV relationship, YP jumps from 60 to over 80 lb/100ft2 immediately after adding 
0.05 wt% sodium silicate to base fluid as shown in Fig. 5-4. Then, we observe a slow 
decreasing till 0.5 wt%. After this concentration, sodium silicate doesn’t show any effect 
in YP and stabilizes around 55 lb/100ft2 at room temperature. 
Fig. 5-5 shows that 10-second gel strength increases with added sodium silicate 
concentration up to 1 wt% and stabilizes around 35 lb/100ft2. 10-minute gel strength also 
shows same trend and stabilizes around 45 lb/100ft2. It should be noted that initial gel 
strength of 0.1 wt% slightly decreases, instead of following the trend. The reason is the 
sample temperature. Since the tests performed under atmospheric pressure with Grace 
M3600 Rheometer, the sample cup is open and room temperature directly affects the 
sample temperature. So, achieving the desired temperature is not easy. This leads to such 
errors sometimes. Otherwise, the trend could be upward for 0.1 wt% sodium silicate as 
well as other concentrations. Analyzing the torque readings at room temperature that are 
given in Tables 5-2, 5-3, 5-4 and 5-5 clearly proves this explanation. Table 5-5 





Figure 5-3. Effect of Na2SiO3 on PV at Room Temperature 
 
 






















































Figure 5-5. Effect of Na2SiO3 on Gel Strength at Room Temperature 
 
Table 5-2. Torque Readings of Base Fluid and with 0.05 wt% Na2SiO3 at Room Temperature 



















80 600 110,3 111,9 77 600 131,8 132,6 
80 300 83,5 110,5 77 300 107,6 132 
80 200 65,2 83,5 77 200 87,3 107,8 
79 100 45,3 65,4 77 100 60,6 85,8 
79 60 35,5 45,3 76 60 46,4 59,3 
79 30 26,5 35,5 76 30 34 45,5 
79 6 14,6 26,3 76 6 19,6 34 
79 3 11,9 18,2 76 3 16,9 23,6 
79 600 109 109,4 76 600 130,5 131 
79 0 0 109,4 76 0 111,9 136,8 
78 3 11,9 12,1 76 3 16,9 17,1 
78 300 83,5 83,8 76 300 47,8 77,5 
76 0 0 83,8 74 0 0 103,6 































Table 5-3. Torque Readings of Base Fluid with 0.075 and 0.1 wt% Na2SiO3 at Room Temperature 



















81 600 144,1 144,7 79 600 128 128,4 
81 300 109,4 144,5 79 300 98 128,4 
81 200 89 109,6 79 200 79,8 98,2 
81 100 62,4 87,5 78 100 56,6 78,9 
81 60 48,2 61,2 79 60 44,1 55,8 
81 30 36,3 47,8 78 30 33,2 43,7 
81 6 21,9 36,3 79 6 19,8 33 
81 3 18,6 26,1 79 3 17,3 24 
82 600 134,5 134,9 78 600 123,2 123,6 
82 0 111,8 141,8 78 0 102,8 126,1 
82 3 19 19,2 78 3 17,1 17,1 
82 300 54,3 85,8 78 300 48,4 76,2 
82 0 0 107,6 77 0 0 97,1 
82 3 20,5 25,3 77 3 19,4 25,9 
 
Table 5-4. Torque Readings of Base Fluid with 0.5 and 1 wt% Na2SiO3 at Room Temperature 



















82 600 110,2 110,7 81 600 118 118,6 
81 300 80,2 110,7 80 300 86,9 118,6 
80 200 67,7 78,7 80 200 73,1 85,4 
80 100 53,9 68,1 80 100 58,7 73,3 
80 60 47 53,9 80 60 51,4 58,9 
79 30 40,9 46,8 80 30 44,3 51,4 
79 6 32,6 40,7 80 6 37 44,3 
79 3 30,5 34,7 81 3 35,7 38,2 
79 600 110,9 111,1 80 600 117,6 117,6 
79 0 91,1 111,3 80 0 92,9 117,6 
79 3 30,7 30,9 80 3 34,5 34,7 
79 300 53,3 72,5 80 300 57 76,2 
76 0 0 82,3 79 0 0 87,7 




Table 5-5. Torque Readings of Base Fluid with 1.5 and 2 wt% Na2SiO3 at Room Temperature 



















81 600 123 123,2 81 600 124,5 124,7 
81 300 88,6 122,8 81 300 89,4 124,3 
81 200 75,6 88,3 81 200 76,4 89,6 
81 100 59,9 76,2 81 100 59,5 76,7 
81 60 52,2 59,9 81 60 51,1 59,5 
81 30 44,5 52,4 82 30 43,4 51 
81 6 36,3 44,3 82 6 35,7 43 
81 3 36,1 37,4 82 3 35,5 36,8 
81 600 122,4 122,6 81 600 123,4 124,7 
81 0 97,1 122,6 81 0 101,3 123,4 
81 3 34,5 34,5 81 3 34,5 34,7 
81 300 60,4 80,6 81 300 58,7 78,9 
80 0 0 89,4 81 0 0 89,6 
80 3 23,4 45,9 81 3 21,1 44,3 
 












0 26,7 56,8 12,1 19,6 
0,05 24,2 83,3 17,1 23,2 
0,075 34,7 74,8 19,2 25,3 
0,1 30,1 67,9 17,1 25,9 
0,5 30,1 50,1 30,9 31,7 
1 31,1 55,8 34,7 41,1 
1,5 34,5 54,1 34,5 45,9 






5.2.2 Effect of Sodium Silicate on Rheological Properties at 100℉ 
Analyzing Figs. 5-6, 5-7 and 5-8 show that PV, YP and gel strength values at 100℉ follow 
the same trend like at room temperature. The main difference is YP values are decreasing 
only for low sodium silicate concentrations up to 0.1 wt%. However, it is observed that 
starting from 0.5 wt%, those values are keeping constant for the higher concentrations same 
as room temperature. Decreasing of PV and YP values at a bit high temperature is the first 
sign of deflocculation at the lower concentrations. Whilst both gel strength values are 
keeping constant at 100℉, as shown in Fig. 5-8, compared with the values at room 
temperature. Table 5-11 summarizes all rheology test results for each sodium silicate 
concentration at 100℉. 
 
 



























Figure 5-7. Effect of Na2SiO3 on YP at 100℉ 
 
 



























































Table 5-7. Torque Readings of Base Fluid and with 0.05 Na2SiO3 at 100℉ 



















101 600 92,1 95,4 102 600 109,4 113,4 
102 300 70 92,3 102 300 88,1 109,6 
102 200 55,8 69,8 102 200 70,6 88,3 
102 100 39,3 55,1 103 100 49,3 69,1 
103 60 30,7 39,1 104 60 38,6 48,7 
104 30 22,3 30,7 105 30 28,6 38,2 
105 6 11,9 22,6 106 6 16,9 28,8 
106 3 9,6 15,2 107 3 14 20,3 
106 600 86,5 86,9 105 600 106,5 106,9 
106 0 70,2 89,4 105 0 91,1 110,7 
106 3 9,2 9,2 106 3 14,2 14,2 
106 300 31,7 52,8 106 300 42 67,3 
116 0 0 69,8 107 0 0 86,9 
116 3 5,6 11,5 107 3 15,7 21,3 
 
Table 5-8. Torque Readings of Base Fluid with 0.075 and 0.1 wt% Na2SiO3 at 100℉ 



















105 600 119,9 127,6 104 600 103,8 111,5 
105 300 91,3 120,3 104 300 82,7 104,2 
105 200 73,7 91,5 104 200 67 82,9 
105 100 52,2 72,7 104 100 47,6 65,8 
105 60 41,4 51,6 105 60 37,8 47,2 
105 30 31,3 40,7 105 30 28,6 37,6 
105 6 18,8 31,3 105 6 17,3 28,6 
106 3 15,9 22,1 106 3 14,8 20,5 
107 600 113 113,4 108 600 99,8 100,3 
107 0 98,2 119 108 0 84 102,1 
108 3 16,5 17,1 108 3 14,8 14,8 
108 300 43,9 70,2 108 300 38,4 61 
109 0 0 92,1 112 0 0,0 82,1 
109 3 18 23,6 111 3 17,3 24,9 
55 
 
Table 5-9. Torque Readings of Base Fluid with 0.5 and 1 wt% Na2SiO3 at 100℉ 



















99 600 100,5 100,7 99 600 108,6 109 
99 300 76,7 102,5 99 300 80,8 108,6 
101 200 64,1 73,9 100 200 68,3 78,9 
102 100 51,8 64,1 101 100 55,3 68,9 
103 60 45,3 52 102 60 48,7 55,6 
104 30 39,1 45,3 103 30 42,2 48,7 
105 6 30,1 39,1 105 6 34 42,4 
105 3 27,4 32,8 106 3 32,6 35,9 
102 600 100,7 101,1 103 600 106,7 107,1 
102 0 84 101,7 103 0 89,2 107,1 
103 3 27,4 27,4 103 3 32,2 32,2 
103 300 48,2 66,6 103 300 54,3 72,7 
115 0 0 78,1 115 0 0 81,7 
115 3 14,6 29,4 115 3 20,7 40,7 
 
Table 5-10. Torque Readings of Base Fluid with 1.5 and 2 wt% Na2SiO3 at 100℉ 



















102 600 112,4 112,8 107 600 110,7 112,4 
102 300 82,3 111,3 107 300 83,5 111,3 
103 200 70,4 81,2 108 200 71,8 83,3 
104 100 56,6 70,6 109 100 57,6 72,5 
105 60 48,9 56,4 110 60 50,1 57,6 
105 30 41,8 49,1 111 30 42,8 50,1 
106 6 34 41,8 112 6 35,3 42,6 
107 3 33 35,5 113 3 34,5 36,1 
106 600 109,4 109,9 110 600 110,3 112,8 
106 0 87,1 109 110 0 91,3 109,9 
106 3 32,8 33 112 3 32,6 33,4 
106 300 53,7 72,1 112 300 55,6 74,4 
112 0 0 82,5 115 0 0,2 82,7 
112 3 20,1 40,7 115 3 20,9 41,4 
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0 22,1 47,8 9,2 11,5 
0,05 21,3 66,8 14,2 21,3 
0,075 28,6 62,7 17,1 23,6 
0,1 21,1 61,6 14,8 24,9 
0,5 23,8 52,8 27,4 29,4 
1 27,8 53 32,2 40,7 
1,5 30,1 52,2 33 40,7 
2 27,2 56,4 33,4 41,4 
 
5.2.3 Effect of Sodium Silicate on Rheological Properties at 140℉ 
Similarly, the same trends are observed for PV, YP and gel strength values at 140℉ in 
Figs. 5-9, 5-10 and 5-11. PVs are decreasing for all concentrations, while YPs are 
decreasing only for low concentrations of sodium silicate. By the decrement of low 
concentrations, YP values at this temperature are keeping almost constant for all 
concentrations between around 50-55 lb/100ft2. These results are also showing that 
deflocculation effect remains for low concentrations. When it comes to gel strength values, 
both 10-second and 10-minute are decreasing about 5 lb/100ft2 compared with 100℉. 
Another observation is gel strength values at 140℉ stabilize from 1.5 wt% compared to 1 
wt% at lower temperatures, it was starting with 1 wt%. Table 5-16 summarizes all rheology 





Figure 5-9. Effect of Na2SiO3 on PV at 140℉ 
 
 
















































Figure 5-11. Effect of Na2SiO3 on Gel Strength at 140℉ 
 
Table 5-12. Torque Readings of Base Fluid and with 0.05 wt% Na2SiO3 at 140℉ 



















136 600 75,2 76,7 138 600 89 90,4 
136 300 59,1 76,9 139 300 71,2 89,4 
136 200 47,6 58,5 139 200 57,2 71,4 
136 100 33,8 47,4 140 100 40,7 56,8 
136 60 26,3 33,6 141 60 32,0 40,3 
136 30 19 26,1 142 30 23,6 31,7 
137 6 9,6 19 143 6 13,8 23,8 
137 3 7,9 12,3 144 3 11,3 16,9 
135 600 75,4 75,8 142 600 87,9 88,3 
135 0 63,9 77,5 142 0 74,8 90,4 
135 3 7,5 7,7 143 3 11,5 11,7 
135 300 25,9 44,3 143 300 34,5 55,8 
134 0 0 60,8 141 0 0 72,3 

































Table 5-13. Torque Readings of Base Fluid with 0.075 and 0.1 wt% Na2SiO3 at 140℉ 



















141 600 95,2 99,2 139 600 87,1 91,9 
141 300 73,9 95,4 139 300 68,7 87,1 
142 200 60,4 74,1 139 200 56 68,9 
142 100 43 59,5 139 100 40,5 55,1 
142 60 34 42,6 139 60 32,2 40,1 
142 30 25,7 33,8 140 30 24,4 32,2 
142 6 14,8 25,5 140 6 14,6 24,6 
143 3 12,3 18,0 141 3 12,3 17,5 
145 600 92,5 93,2 142 600 84,6 84,6 
144 0 79,2 95,2 142 0 71,2 85,8 
144 3 12,9 12,9 142 3 12,5 12,5 
144 300 35,3 57,0 143 300 34,7 54,5 
143 0 0 76,0 143 0 0 70,4 
143 3 14,2 19,0 143 3 14,8 22,8 
 
Table 5-14. Torque Readings of Base Fluid with 0.5 and 1 wt% Na2SiO3 at 140℉ 



















133 600 91,9 92,3 135 600 100,9 101,5 
132 300 73,9 94,8 134 300 78,5 102,5 
133 200 60,4 70,4 134 200 64,7 76,2 
134 100 48,5 60,2 135 100 51,6 64,7 
135 60 42,2 49,1 137 60 44,3 51,4 
135 30 35,1 42 138 30 36,8 44,3 
135 6 24,4 34,7 139 6 26,1 36,8 
136 3 21,1 27,8 139 3 23,4 29 
133 600 94,4 94,6 136 600 100,3 100,7 
133 0 80,2 95,4 136 0 81,9 101,1 
133 3 22,1 22,6 136 3 24,2 24,4 
133 300 44,1 64,1 136 300 45,1 64,7 
135 0 0 74,6 139 0 0,6 79,2 
135 3 15,2 28,4 139 3 16,7 31,5 
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Table 5-15. Torque Readings of Base Fluid with 1.5 and 2 wt% Na2SiO3 at 140℉ 



















145 600 102,1 102,5 141 600 101,5 102,5 
144 300 78,5 101,7 140 300 79,6 103,4 
144 200 67,3 77,3 140 200 68,3 78,7 
145 100 54,3 67,3 142 100 54,9 68,3 
146 60 46,8 54,1 142 60 47,6 54,9 
146 30 39,3 46,6 143 30 40,3 47,6 
146 6 29,4 39,1 144 6 31,5 40,1 
146 3 26,5 32,0 144 3 29,7 33,8 
144 600 101,5 101,9 141 600 103,4 103,8 
144 0 85,8 101,7 140 0 86,5 102,8 
143 3 28 28,2 141 3 29,4 29,7 
143 300 49,7 69,1 142 300 49,5 68,1 
141 0 2,1 78,7 141 0 0,2 78,9 
141 3 20,7 36,8 141 3 19,4 37,2 
 












0 16,1 43 7,7 9,7 
0,05 17,8 53,5 11,7 17,3 
0,075 21,3 52,6 12,9 19 
0,1 18,4 50,3 12,5 22,8 
0,5 18 56 22,6 28,4 
1 22,3 56,2 24,4 31,5 
1,5 23,6 54,9 28,2 36,8 






5.2.4 Effect of Sodium Silicate on Rheological Properties at 170℉ 
It is observed that the trends of PV and YP are slightly changing for lower concentrations 
of sodium silicate as shown in Figs. 5-12 and 5-13. While PVs of 0.05 and 0.1 wt% are not 
changing, 0.075 wt% are decreasing and all low concentrations are becoming constant at 
about 18 cp. Similar decrement is observed for YP with 0.075 wt%, while low 
concentrations are showing constant trend around 47 lb/100 ft2. Like lower temperatures, 
YP values are ranging between the same values at 170℉. On the other hand, the constant 
values show that unlike low concentrations, still flocculation occurs at high concentrations 
up to 170℉ under atmospheric pressure. In comparison with 140℉, both gel strength 
values are decreasing at 170℉ with high concentrations as shown in Fig. 5-14. However, 
low concentrations do not show any significant change for initial gel strength. Unlike 10-
second, 10-minute gel strength values are already not stabilizing at even 1.5 wt%. This 
observation shows that as the temperature increases, gel strength of high concentrations 
loses their stability. Table 5-21 summarizes all rheology test results for each sodium 





Figure 5-12. Effect of Na2SiO3 on PV at 170℉ 
 
 
















































Figure 5-14. Effect of Na2SiO3 on Gel Strength at 170℉ 
 
Table 5-17. Torque Readings of Base Fluid and with 0.05 wt% Na2SiO3 at 170℉ 



















167 600 66,8 68,5 167 600 81,9 82,5 
167 300 53,9 68,9 167 300 64,5 82,5 
168 200 43,2 53,5 167 200 52,2 64,7 
168 100 30,3 43 168 100 37,2 51,8 
168 60 23,2 30,3 168 60 28,8 36,8 
168 30 16,5 23,4 169 30 21,1 28,8 
168 6 8,6 16,7 170 6 12,1 21,1 
168 3 7,1 10,9 171 3 9,8 14,6 
169 600 69,1 69,3 168 600 82,1 82,5 
168 0 56,2 71,2 168 0 67,3 84,4 
168 3 7,1 7,3 168 3 10,7 10,7 
168 300 25,5 42,8 168 300 32 52 
173 0 0 55,1 165 0 0 66,6 
































Table 5-18. Torque Readings of Base Fluid with 0.075 and 0.1 wt% Na2SiO3 at 170℉ 



















171 600 85 85,4 165 600 81,9 85 
170 300 66,4 85,6 165 300 64,1 82,1 
170 200 54,3 66,6 165 200 52,2 64,1 
171 100 38,6 53,5 166 100 37,8 51,6 
171 60 30,1 38,2 166 60 30,1 37,6 
171 30 22,1 30,1 166 30 22,6 29,9 
171 6 12,5 22,3 166 6 13,6 22,6 
172 3 10,4 15,9 167 3 11,3 16,5 
172 600 86,3 86,7 166 600 80,2 80,6 
172 0 73,7 88,6 167 0 68,3 82,3 
172 3 11,1 11,3 166 3 11,5 11,7 
172 300 31,7 52,2 166 300 30,9 49,7 
169 0 0 69,1 166 0 0 66,6 
168 3 12,322 16,708 166 3 13,8 18,5 
 
Table 5-19. Torque Readings of Base Fluid with 0.5 and 1 wt% Na2SiO3 at 170℉ 



















164 600 87,7 88,1 162 600 96,7 97,1 
164 300 72,7 91,5 161 300 76 98,4 
165 200 58,3 69,3 160 200 62,2 73,7 
166 100 45,1 57,6 162 100 48,5 62 
167 60 38 45,1 163 60 40,9 48,5 
168 30 30,5 38 165 30 32,8 40,7 
169 6 19,4 30,3 165 6 21,7 33 
170 3 16,3 22,3 167 3 18,6 24,4 
164 600 91,1 91,5 162 600 97,5 97,7 
164 0 75 92,3 161 0 83,1 98,4 
165 3 18 18,8 161 3 20,5 21,3 
165 300 38 57,4 162 300 41,4 61,6 
175 0 0,2 72,1 174 0 0,4 76,4 
175 3 12,5 22,8 174 3 14,6 26,9 
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Table 5-20. Torque Readings of Base Fluid with 1.5 and 2 wt% Na2SiO3 at 170℉ 



















161 600 100,5 100,7 168 600 97,3 98,2 
159 300 76 100,3 166 300 75,6 99,4 
160 200 64,7 74,6 168 200 64,5 74,6 
162 100 51,4 64,7 169 100 51,0 64,5 
164 60 43,9 51,4 170 60 43,7 51,2 
165 30 36,1 43,9 171 30 36,3 43,7 
165 6 25,5 35,9 171 6 26,5 35,9 
166 3 22,6 28,4 172 3 23,6 29,9 
163 600 101,5 101,5 168 600 99,4 99,8 
162 0 84,6 100,5 167 0 83,3 98,6 
161 3 24 24,9 168 3 24,4 24,9 
162 300 44,3 63,7 168 300 44,5 63,7 
173 0 0,2 76,7 176 0 0,6 76,4 
173 3 15,9 30,5 176 3 17,8 32,8 
 












0 12,9 40,9 7,3 8,6 
0,05 17,3 47,2 10,7 15,2 
0,075 18,6 47,8 11,3 16,7 
0,1 17,8 46,4 11,7 18,5 
0,5 15 57,6 18,8 22,8 
1 20,7 55,3 21,3 26,9 
1,5 24,4 51,6 24,9 30,5 






5.2.5 Effect of Sodium Silicate on Rheological Properties at 300℉ 
As mentioned earlier, rheological properties at 300℉ have been measured slightly different 
than other temperatures. First of all, the measurements have been done under 300 psi 
pressure to prevent evaporation. Secondly, only low sodium silicate concentrations have 
been measured at this temperature. This is due to the filtration test results that changed 
experimental plan from higher concentrations to lower ones. Lastly, the answer for the 
question “Why measurements are performed exactly at 300℉?” is because of the drilling 
fluid formula that is used for the reservoir, where the temperature ranges between 280-
305℉. The upper temperature limit was selected. 
Analyzing the data that are presented in Figs. 5-15, 5-16, 5-17 and 5-18 clearly demonstrate 
that all rheological properties for all low concentrations up to 0.1 wt%, including PV, YP 
and both 10-second, 10-minute gel strengths, are decreasing with increasing temperature. 
PV is ranging between 10-15 cp by following similar decreasing trend of lower 
temperatures. Main remarkable change happens with 0.1 wt%, which is becoming even 
lower than base fluid. 0.075 wt% is showing slightly higher PV than others. However, the 
sharpest reduction occurs in YP values at 300℉. YP values ranging between 40-50 
lb/100ft2 at 170℉, but are falling below 10 lb/100 ft2 at 300℉. This result allows us to 
conclude that the reason of such sharp reduction is due to the high pressure. The results 
demonstrate that pressure has also an important effect on YP, beside the effects of different 
sodium silicate concentrations and temperature. Additionally, one more conclusion can be 
reached is that having low YP eliminates the need for powerful pumps to inject drilling 
fluid into the well. Again 0.075 wt% is showing higher value. On the other hand, decrease 
of both PV and YP values at 300℉ as well as lower temperatures shows that base fluid 
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itself and with all low concentrations are fully deflocculates, which means small particles 
cannot coalesce together and form bigger ones. In another word, the fluid completely 
disperses. The main reason of it is the elimination of fluid loss additive at high temperatures 
– Resinex. 
Similarly, both gel strength values are also decreasing at 300℉. Highest values are 
obtained with 0.075 wt% as in PV and YP. However, interestingly, 0.1 wt% is falling below 
base fluid value at 10-minute again similar to PV. This can be a sign for the instability of 
higher sodium silicate concentrations at high temperatures and high pressures, even though 
0.1 wt% itself is not high. Probably, further detailed investigations for rheology are 
required for higher concentrations at HPHT conditions. In filtration results, the effect of 
high concentrations will also be discussed. 
 
 



























Figure 5-16. Effect of Na2SiO3 on YP at 300℉ 
 
 























































Figure 5-18. Effect of Na2SiO3 on 10-minute Gel Strength at 300℉ 
 
5.3 Solubility Results 
The solubility experiments were conducted in two stages. In the first part, the effects of 2, 
4 and 6 wt% sodium silicate on barite solubility observed. To confirm these results, the 
tests were repeated beside new concentration 8 wt% as well. It should be noted that in the 
beginning the purpose of doing solubility tests was to evaluate whether sodium silicate has 
reverse effect on barite solubility. The expected results were similar or slightly lower than 
the obtained ones of Ba geri et al. (2015). This has prompted interest to conduct further 
and do the researches for filtration tests. Furthermore, it was agreed to perform the 
experiments with high concentrations, since the used sodium silicate is in liquid state, it is 
very difficult to achieve adding small concentrations for 2 g barite. Indeed, if there was no 
considerable reverse effect at higher concentrations, it would mean there will not be also 


























0 wt% 0.05 wt% 0.075 wt% 0.1 wt%
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77 26,7 56,8 12,1 19,6 
100 22,1 47,8 9,2 11,5 
140 16,1 43 7,7 9,7 
170 12,9 40,9 7,3 8,6 
300 11 7 7 8 
0.05 
77 24,2 83,3 17,1 23,2 
100 21,3 66,8 14,2 21,3 
140 17,8 53,5 11,7 17,3 
170 17,3 47,2 10,7 15,2 
300 12 5 7 8 
0.075 
77 34,7 74,8 19,2 25,3 
100 28,6 62,7 17,1 23,6 
140 21,3 52,6 12,9 19 
170 18,6 47,8 11,3 16,7 
300 13 8 9 10 
0.1 
77 30,1 67,9 17,1 25,9 
100 21,1 61,6 14,8 24,9 
140 18,4 50,3 12,5 22,8 
170 17,8 46,4 11,7 18,5 
300 10 6 4 5 
 
values for 2, 4 and 6 wt% are the average values of two tests and both of which are provided 
in Table. 5-24. 0 wt% shows the result that Ba geri et al. (2015) obtained with 20 wt% 
potassium-based DTPA + 6 wt% potassium formate + 7 wt% enzyme, which it is 75%. On 
the other hand, adding 2, 4 and 6 wt% sodium silicate increased the solubility around 80% 
as an average value. Highest percentage obtained at 4 wt% with 82%. 2 and 6 wt% showed 
similar behavior. Additionally, 8 wt% confirmed the decreasing solubility behavior of 
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sodium silicate with 62%. Based on the sudden and sharp decrease, it can be concluded 
that 4 wt% is an optimum concentration. 
After determining an optimum concentration, the solubility behavior of sodium silicate was 
observed in the absence of catalyst. The test presented more lower result with 45%. 
However, this result is consistent with the presented result of Ba geri et al. (2015), which 
he has gained 38% with sodium-based DTPA in the absence of catalyst. The only 
difference in these two tests is the used chelating agents, where our test was performed 
with potassium-based DTPA. Therefore, two more conclusions may also be derived. First, 
using sodium-based DTPA could decrease the solubility further in case of catalyst’s 
absence. Second, these last two results prove that sodium alone has a reverse effect on 
barite solubility and lowers it significantly. 
To summarize, 4 wt% sodium silicate improves the single stage barite filter cake removal 
method of Ba geri et al. (2015). His results show more than 90% of filter cake dissolved 
within 24 h at 270℉. Similarly, increasing the temperature will improve the effect of 
sodium silicate on barite solubility as well. Since the reservoir temperature is 300℉, the 
solubility in downhole conditions will improve further. As a result, the expected filter cake 
dissolution with 4 wt% sodium silicate will be more than the result without sodium silicate. 
It should also be stressed that since our drill-in fluid includes starch, the enzyme for starch 
should be used beside the enzyme for XC polymer in addition to the method of Ba geri et 






Figure 5-19. Effect of Na2SiO3 on Barite Solubility 
 











Weight of Filter 














 2 0,04 0,47 0,88 0,41 1,59 80 
4 0,08 0,48 0,87 0,39 1,61 81 






2 0,04 0,46 0,84 0,38 1,62 81 
4 0,08 0,47 0,81 0,34 1,66 83 
6 0,12 0,45 0,81 0,36 1,64 82 
8 0,16 0,48 1,25 0,77 1,23 62 
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Catalyst) 
38 
4 (No Catalyst) 45 
 
5.4 Filtration Results 
As per the plan, the filtration experiments were performed on 0.25” tight core samples to 
determine the optimum sodium silicate concentration and to conduct the test with the 
optimum concentration on 2” core sample, finally. The reason of to perform filtration test 
on 2” core sample is fluid invasion can be characterized better with the big length. 
5.4.1 High Sodium Silicate Concentrations 
Fig. 5-20 graphically explains the filtration test results with high sodium silicate 
concentrations, whereas Fig. 5-21 shows the formed filter cake thicknesses after filtration. 
The experiments started with base fluid so that to observe the original behavior of it. The 
collected filtrate volume became 7.4 ml and the filter cake thickness was 2 mm. Since the 
plan in the beginning was to observe high concentrations, 0.5, 1, 1.5 and 2 wt% were 
selected as the interest points. However, the poor filtration results of 0.5, 1 and 1.5 wt% 
presented that conducting the test with 2 wt% is unnecessary and this concentration was 
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cancelled. 20, 25.2 and 52 ml filtrate volumes collected with 0.5, 1 and 1.5 wt%, 
respectively. The cake thicknesses also followed the volumes with the high values such as 
8, 13 and 25 mm. Tables 5-25 and 5-26 summarize the filtrate volumes at 30 minutes and 
filter cake thicknesses for the high sodium silicate concentrations. Moreover, the formed 
filter cakes of base fluid and high concentrations can be viewed through Figs. 5-22 – 5-25. 
 
 




























0 wt% 0.5 wt% 1 wt% 1.5 wt%
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Table 5-25. Summary of Filtrate Volumes at 30 Minutes of Base Fluid and High Na2SiO3 Concentrations 

















10 1 10 1 10 1 10 0,7 
20 1,5 20 1,1 20 1,5 20 1,2 
30 1,7 30 1,2 30 1,9 30 1,4 
40 2 40 1,3 40 2,5 40 1,8 
50 2,3 50 3,5 50 3,2 50 2,1 
60 2,6 60 4,5 60 4 60 2,5 
120 2,9 120 6,8 120 7 120 4,7 
180 3,2 180 7,6 180 10,3 180 7 
240 3,4 240 10,2 240 12,2 240 11 
300 3,6 300 11,5 300 13 300 12 
360 3,8 360 12,5 360 13,8 360 13,9 
420 4 420 13,5 420 14,6 420 16 
480 4,2 480 14,4 480 15,3 480 19 
540 4,4 540 15,3 540 16 540 20,5 
600 4,6 600 16,1 600 16,6 600 23,2 
660 4,8 660 16,8 660 17,5 660 25 
720 5 720 17,5 720 18,3 720 27,5 
780 5,2 780 18,1 780 19,1 780 30 
840 5,4 840 18,5 840 19,9 840 32 
900 5,6 900 19 900 20,7 900 34 
1020 6 1020 19,4 1020 21,5 1020 38 
1140 6,4 1140 19,8 1140 22,3 1140 41,9 
1260 6,8 1260 20 1260 23,1 1260 44,6 
1380 7 1380 20 1380 23,8 1380 50,5 
1500 7,2 1500 20 1500 24,6 1500 51 
1620 7,4 1620 20 1620 25,2 1620 52 
1740 7,4 1740 20 1740 25,2 1740 52 





Figure 5-21. Effect of High Na2SiO3 Concentrations on Filter Cake Thicknesses 
 



























Figure 5-23. Formed Filter Cake with 0.5 wt% Na2SiO3 on 0.25” Core Sample 
 




Figure 5-25. Formed Filter Cake with 1.5 wt% Na2SiO3 on 0.25” Core Sample 
 










0 2.6 2 
0.5 9.6 8 
1 16 13 
1.5 32 25 
 
5.4.2 Low Sodium Silicate Concentrations 
Obtaining the poor filtrate volumes at the high concentrations directed us to conduct the 
experiments with the lower concentrations to investigate their behavior as well. For this 
reason, 0.1 wt% was selected, initially, and 5 ml filtrate volume collected, as illustrated in 
Fig. 5-26. The filter cake thickness also decreased to 1.3 mm, as shown in Fig. 5-27. In the 
next stage, a more lower concentration – 0.075 wt% observed, because of getting such 
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improvement for both parameters with 0.1 wt%. As it was expected, adding 0.075 wt% 
sodium silicate to base fluid improved both filtrate volume and filter cake thickness more. 
The collected filtrate volume was just 3.5 ml and the filter cake thickness decreased even 
to 0.7 mm. The filtrate volume and cake thickness reduced by 53% and 65% with 0.075 
wt% Na2SiO3, respectively, compared than the base fluid’s results. However, going one 
more step below 0.075 wt%, namely with 0.05 wt%, didn’t show improvement, instead got 
worse. The volume and filter cake thickness increased to 6.5 ml and 1.8 mm, respectively. 
Although, these findings with 0.05 wt% can be seen as poor, but still they are better than 
base fluid’s results. 
Consequently, above findings allowed us to conclude that 0.075 wt% sodium silicate 
concentration is an optimum one. In fact, the filtration results are confirming rheology 
results. Having higher PV, YP, 10-second and 10-minute gel strength values with 0.075 
wt% than other low concentrations at 300℉ is consistent with its filtration properties. 
According to these results, the last filtration experiment was performed with 0.075 wt% on 
2” core sample. Though the selected concentration was 0.075 wt%, the filtrate volume and 
filter cake thickness could not be obtained for 2” core sample same as 0.25” one. The 
collected volume and cake thickness were 6.4 ml and 1.6 mm, respectively. The main 
explanation of this inconsistency is used bridging material. Poor bridging may cause to 
such result. Two types of bridging materials have been used in the drill-in fluid formula: 
calcium carbonate 25 and ˂ 38 μm. The fluctuations in the results is due to ˂ 38 μm, because 
this bridging size can be very low and very high up to 38 μm. So, we can understand from 
here that most probably, bigger sized bridging materials have been in the drill-in fluid that 
used for 2” core sample in comparison with 0.25” ones. However, still there is a significant 
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improvement in the filtrate volume and cake thickness compared to base fluid. As a result, 
less fluid invasion will fill the pores of tight formation with less fluid and water blockage 
problem of tight gas wells will decrease substantially by newly formulated drill-in fluid. 
Tables 5-27 and 5-28 summarize the filtrate volumes at 30 minutes and filter cake 
thicknesses for the low sodium silicate concentrations. Furthermore, the formed filter cakes 

































0 wt% 0.1 wt% 0.075 wt% 0.05 wt% 0.075 wt% on 2"
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Table 5-27. Summary of Filtrate Volumes at 30 Minutes with Low Na2SiO3 Concentrations 

















10 1 10 0,3 10 1 10 1,7 
20 1,2 20 0,5 20 1,2 20 2 
30 1,4 30 0,7 30 1,4 30 2,1 
40 1,6 40 0,9 40 1,6 40 2,2 
50 1,9 50 1 50 1,8 50 2,3 
60 2,2 60 1,1 60 2 60 2,3 
120 2,4 120 1,2 120 2,2 120 2,5 
180 2,6 180 1,3 180 2,4 180 2,8 
240 2,9 240 1,4 240 2,6 240 3 
300 3,1 300 1,5 300 2,8 300 3,2 
360 3,3 360 1,6 360 3 360 3,4 
420 3,5 420 1,7 420 3,2 420 3,6 
480 3,7 480 1,8 480 3,4 480 3,8 
540 3,9 540 2 540 3,6 540 4 
600 4 600 2,2 600 3,8 600 4,2 
660 4,2 660 2,3 660 4 660 4,4 
720 4,4 720 2,5 720 4,1 720 4,5 
780 4,6 780 2,6 780 4,2 780 4,7 
840 4,8 840 3 840 4,3 840 4,9 
900 4,9 900 3,2 900 4,4 900 5 
1020 5,4 1020 3,3 1020 4,6 1020 5,3 
1140 5,8 1140 3,5 1140 4,8 1140 5,6 
1260 6,1 1260 3,5 1260 5 1260 5,9 
1380 6,3 1380 3,5 1380 5 1380 6,2 
1500 6,5 1500 3,5 1500 5 1500 6,3 
1620 6,5 1620 3,5 1620 5 1620 6,4 
1740 6,5 1740 3,5 1740 5 1740 6,4 





Figure 5-27. Effect of Low Na2SiO3 Concentrations on Filter Cake Thicknesses 
 































Figure 5-29. Formed Filter Cake with 0.075 wt% Na2SiO 3 on 0.25” Core Sample 
 




Figure 5-31. Formed Filter Cake with 0.075 wt% Na2SiO 3 on 2” Core Sample 
 










0 2.6 2 
0.05 2.2 1.8 
0.075 0.9 0.7 
0.1 1.6 1.3 
0.075 on 2" 2 1.6 
 
5.4.3 Return Permeability 
Initial Details: 
𝑙 = 2.045” = 5.1943 cm 
𝑑 = 2.5” = 6.25 cm 









= 30.68 𝑐𝑚2 
where 𝐴 – surface area of the core, cm2; d – the core diameter, cm. 
The recorded pressure values for each flow rates before and after damage have been 
provided in Table 5-29. To convert from voltage to pressure, the values have been divided 
by 0.0029 based on the calibration data of the transducer for ∆P. 
Calculation of Permeability Before and After Damage: 
The obtained both slopes before and after damage, 𝑚 = 0.0062 as shown in Figs. 5-33a 
and 5-33b, respectively. The permeability of both became equal: 
𝑘𝑖 =  𝑘𝑓 =
0.0062 ∙ 1.204 ∙ 5.1943
30.68
≈ 0.0013 𝐷 = 1.3 𝑚𝐷 
where, 𝑘𝑖 and 𝑘𝑓 – permeability before and after damage, mD, respectively. 






∙ 100% = 100% 
This result means, in case of 100% filter cake removal, 100% return permeability is gained. 
Obtaining 100% return permeability presents that no solid invaded to the core sample. 
Therefore, it can be concluded that in real conditions, having zero-solid invasion will keep 
the well productivity of tight gas reservoirs same as an original productivity in case of 
100% filter cake removal. Forming a very thin filter cake, like 0.7 mm, lets us also to claim 
that complete removal by washing with even 15 wt% HCl is possible and to get 100% 
return permeability. On the other hand, according to the solubility results, the minimum 
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return permeability will be more than 90-95%, as the expected filter cake removal 
efficiency will be more than 90-95% with added 4 wt% sodium silicate concentration to 
the base solution – 20 wt% K-DTPA + 6 wt% catalyst + 7 wt% enzyme for XC polymer + 
enzyme for starch. This is the worst scenario, which may happen due to a poor bridging 
and it can be resulted with the slightly increased filter cake thickness. All these results 
prove that formulated drilling fluid with added 0.075 wt% sodium silicate concentration is 
non-damaging and its return permeability is 100% with respect to having a good bridging, 
which may even eliminate the need for an expensive removal process by using only 15 
wt% HCl. Furthermore, it should also be noted that doing a proper fracturing job may lead 
to improved permeability (higher than 100%), as the rock permeability will be kept almost 
as it is, because of using this drill-in fluid while drilling the formation part. 
 




        b) 
Figure 5-32. Voltage Readings of Omega Software Before (a) and After (b) Damage 
  
Table 5-29. Recorded Pressure Values for each Flow Rates Before and After Damage 
Before Damage After Damage 
q, ml/min q, ml/sec U, volt ∆P, psi ∆P, atm q, ml/min q, ml/sec U, volt ∆P, psi ∆P, atm 
0,5 0,008 0,116 40 2,7 0,5 0,008 0,1235 43 2,9 
1 0,017 0,185 64 4,3 1 0,017 0,1805 62 4,2 
1,5 0,025 0,2365 82 5,5 1,5 0,025 0,238 82 5,6 
2 0,033 0,288 99 6,8 2 0,033 0,2965 102 7 
 
          a) 
 

















         b) 
Figure 5-33. Plotted q vs. ∆P Relationships Before (a) and After (b) Damage 
 
5.5 Sag Test Results 
Two static sag tests were performed to investigate the stability of base fluid and with added 
0.075 wt% – the optimum sodium silicate concentration. The obtained sag factor for base 
fluid was 0.55 and for 0.075 wt% was 0.53. These results clearly showed that adding 
sodium silicate to the formula enhances its sag performance. According to the accepted 
standards in the industry, 0.53 is the sign of a good sag performance as discussed earlier. 
It can be concluded that the prepared drill-in fluid with 0.075 wt% sodium silicate 
concentration has a good sag performance at 300℉. 
 


















Figure 5-34. Sag Test Results with Base Fluid and 0.075 wt% Na2SiO 3 
 










0 2,08 2,54 0,55 
0.075 2,02 2,3 0,53 
 
5.6 Structural Analysis 
The structural analysis has been done based on the slice-by-slice and cross-sectional views 
of the core samples as being before and after damage. The behavior of formed filter cakes 
with base fluid, 0.05, 0.075 and 0.1 wt% sodium silicate concentrations have been 
investigated. Regarding slice-by-slice analysis, 0.25” core samples have been sliced to six 
equal parts and the comparisons have been made for these parts. However, 2” core sample 















At 300℉ & 300 psi
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six slices – 1, 10, 20, 30, 40, 50, which are representing the other slices. This is simply 
because of difficulty in comparing all fifty slices. 
5.6.1 Slice-by-slice Analysis and CT Numbers 
As it is clearly observed from Figs. 5-35a and 5-35b, the filtrate has invaded to all slices 
with base fluid. This has resulted in the highest increase in CT numbers, which ranges 
between 390 and 59 from first to the last slice as graphically illustrated in Fig. 5-36. Figs. 
5-37a and 5-37b are showing that fluid has invaded to the first four slices with 0.05 wt% 
sodium silicate concentration. This is following the CT numbers of base fluid with the 
slight decrease, which ranges between 313 and 51 that can be seen in Fig. 5-38. 
Investigating the behavior of 0.075 wt% on the slices before and after damage, in Figs 5-
39a and 5-39b obviously presents that 0.075 wt% has the least damage on the core sample. 
As it is shown, only first two slices have been invaded by filtrate. The bar chart of CT 
Numbers in Fig. 5-40 shows that the damage rate with maximum difference is 150, while 
minimum is just 30. Analyzing Figs. 5-41a and 5-41b demonstrate that fluid has invaded 
to first four slices with 0.1 wt% same as 0.05 wt%. However, the main difference is 
observed in the damage rate, where it is lower for 0.1 wt% than 0.05 wt% as presented in 
Fig. 5-42. The tabulated CT numbers of 0.25” core samples with each concentration have 
been provided in Tables 5-31 and 5-32. Moreover, Fig. 5-43 graphically compares the 
average difference of CT numbers before and after damage for each concentration. 0.075 
wt% sodium silicate concentration is the lowest with 60, while base fluid is the highest 
with around 150. Table 5-33 provides the average difference of CT numbers before and 
after damage for each concentration. 
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When it comes to 2” core sample, result obtained is similar was obtained for 0.25” with 
0.075 wt%. Figs. 5-44a and 5-44b shows that only first slice has been affected with the 
fluid invasion. Since the length of the core is bigger compared to 0.25”, there is a significant 
decrease, about 5 times, in CT number differences starting from first to the last slice, where 
CT number of the last slice is 28 as given in Fig. 5-45. This is the prove of having very 
low fluid invasion through the core sample. Indeed, this result shows that achieving a good 
bridging could decrease a fluid invasion more and consequently, CT number could be even 
less than that value. The observations about 2” core sample proved the reason of getting 
100% return permeability in case of 100% filter cake removal by not to invade to other 
slices except first. On the other hand, all the obtained CT numbers also proved the results 
of filtration tests and are consistent with them completely. Table 5-34 summarizes the CT 
numbers of all slices of 2” core sample. It should also be stressed that 2” core sample is 
more representative than 0.25” with regard to near-wellbore conditions, which we observe 
that even with such not good bridging a fluid invasion becomes lower and lower with the 
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Figure 5-36. Comparison between CT Numbers of 0.25” Core Sample with Base Fluid Before and After Damage 
 




























          (b) 
Figure 5-37. Slice-by-slice View of 0.25” Core Sample with 0.05 wt% Na2SiO 3 Before (a) and After (b) Damage 
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Figure 5-40. Comparison between CT Numbers of 0.25” Core Sample with 0.075 wt% Na2SiO3 Before and After 
Damage 
 



























          (b) 
Figure 5-41. Slice-by-slice View of 0.25” Core Sample with 0.1 wt% Na2SiO 3 Before (a) and After (b) Damage 
 
 





























Table 5-31. Summary of CT Numbers of 0.25” Core Sample with Base Fluid and 0.05 wt% Na2SiO3 
















1 1458 1848 390 1 1307 1620 313 
2 1565 1726 161 2 1676 1824 148 
3 1585 1700 114 3 1631 1754 123 
4 1583 1689 105 4 1633 1734 100 
5 1566 1625 59 5 1630 1708 78 
6 1467 1526 59 6 1414 1465 51 
 
Table 5-32. Summary of CT Numbers of 0.25” Core Sample with 0.075 and 0.1 wt% Na2SiO3 















1 1615 1765 150 1 1612 1867 256 
2 1728 1798 70 2 1613 1738 125 
3 1682 1731 49 3 1621 1695 74 
4 1695 1727 32 4 1635 1701 66 
5 1685 1717 32 5 1599 1649 50 
6 1620 1650 30 6 1476 1525 49 
 
 





























Table 5-33. Summary of Average Difference of CT Numbers of 0.25” Core Samples Before and After Damage 













0 1538 1686 148 
0.05 1549 1684 136 
0.075 1671 1731 61 
0.1 1593 1696 103 
 
          (a) 
100 
 
          (b) 
Figure 5-44. Slice-by-slice View of 2” Core Sample with 0.075 wt% Na2SiO 3 Before (a) and After (b) Damage 
 
 


















































1 1462 1744 282 11 1676 1736 60 21 1680 1738 57 
2 1647 1766 119 12 1677 1737 59 22 1680 1736 56 
3 1627 1709 82 13 1678 1737 59 23 1681 1735 54 
4 1656 1716 60 14 1679 1738 59 24 1681 1733 53 
5 1661 1721 60 15 1680 1739 59 25 1681 1731 50 
6 1665 1726 61 16 1680 1739 59 26 1680 1732 52 
7 1668 1728 60 17 1680 1739 59 27 1680 1730 50 
8 1671 1731 60 18 1680 1739 59 28 1681 1729 48 
9 1674 1733 59 19 1680 1739 58 29 1681 1728 48 
















31 1682 1726 45 41 1676 1717 40 
32 1682 1726 44 42 1674 1715 41 
33 1682 1725 43 43 1672 1713 41 
34 1681 1723 42 44 1669 1709 40 
35 1681 1723 42 45 1666 1706 39 
36 1681 1722 41 46 1663 1701 38 
37 1680 1721 41 47 1658 1695 37 
38 1679 1721 41 48 1651 1686 35 
39 1679 1719 41 49 1638 1669 30 
40 1677 1718 40 50 1547 1575 28 
 
5.6.2 Cross-sectional Analysis 
Fig. 5-46 illustrates the cross-sectional view of typical 0.25” core sample before damage, 
whilst Figs. 5-47, 5-48, 5-49 and 5-50 demonstrate the cross-sectional views of the damage 
of base fluid, 0.05, 0.075 and 0.1 wt% sodium silicate concentrations. By analyzing the 
figures, it is also observed that 0.075 wt% makes the lowest damage. Interestingly, the 
cross-sectional view of 0.1 wt% shows that filtrate invades from one side even more 
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compared than others. Fig. 5-51 presents the cross-sectional view of 2” core sample before 
and after damage with 0.075 wt%. These graphs also prove how the fluid invasion is very 




Figure 5-46. Cross-sectional View of Typical 0.25” Core Sample Before Damage 
 
 
Figure 5-47. Cross-sectional View of 0.25” Core Sample with Base Fluid After Damage 
 
 





Figure 5-49. Cross-sectional View of 0.25” Core Sample with 0.075 wt% Na2SiO3 After Damage 
 
 
Figure 5-50. Cross-sectional View of 0.25” Core Sample with 0.1 wt% Na2SiO3 After Damage 
 
 





5.7 Mechanism of 0.075 wt% Na2SiO3 
The mechanism of 0.075 wt% Na2SiO3 should be explained with two different approaches 
by combining and considering them together. They have been developed by chemists for 
processing of barite. However, these methods can be implemented to petroleum 
engineering as well. Since barite is the only non-soluble solid in the formulated drill-in 
fluid and the different concentrations of Na2SiO3 is the additive that shows an improvement 
through all the experiments, both approaches were considered together to explain our case 
as well. These approaches are barite flotation recovery with respect to Na2SiO3 
concentrations and the solubility concentration of silicate with the PH value of the solution. 
5.7.1 Barite Flotation Recovery 
Flotation is a process that separates hydrophobic particles from hydrophilic ones. Na2SiO3 
is one of the commonly used reagent for barite recovery in mining industry. Since it is 
acting as a dispersant, barite particles are suspended by Na2SiO3 and cannot settle down 
easily. Therefore, they start to float by being separated from other impurities. In 2015, 
Bulatovic offered the relationship between barite flotation recovery and Na2SiO3 
concentrations per one ton barite as shown in Fig. 5-52. So, it means maximum 
Na2SiO3/BaSO4 ratio is 0.002. In our case, the amount of 0.075 wt% Na2SiO3 and barite 
are 0.66 and 417 g in 360 ml drill-in fluid, respectively. 
Na2SiO3/BaSO4 = 0.675 g/417 g = 0.0016 
The cross-section of the ratio of 0.075 wt% with the relationship curve shows that barite 




Figure 5-52. Barite Flotation Recovery with respect to Na2SiO3/BaSO4 Ratio 
 
is enough to form very thin filter cake. This relationship also explains the reason of having 
higher thickness of filter cake with 0.05 wt%. The ratio is 0.0011 with 0.05 wt%, which 
the recovery becomes around 86%. The decreased recovery means the increased sank barite 
and consequently, the increased filter cake thickness. However, this consideration is not 
enough to make a conclusion, because of higher concentrations, as in fact, still barite 
recovery can be increased up to 95%. The question can be raised “Why not to form more 
thinner filter cake with 5% sank barite by having 95% recovery?”. To answer to this 
question, the second approach should be included. 
5.7.2 Solubility Concentration of Silica with PH 
The general formula of sodium silicate is Na2O‧SiO2. It has two parts: Na2O and SiO2. 






























Na2O + H2O ↔ 2NaOH (Caustic Soda) 
Caustic soda is obtained with this reaction and it dissolves in water easily. In brief, we are 
losing Na2O and left with the most complex part – SiO2 (silica). 
To explain the solubility behavior of silica in water, Ives introduced an empirical 
correlation in 1984 as shown in Fig. 5-53. 
 
 
Figure 5-53. Solubility Concentration of SiO2 with respect to PH 
 
He mentioned that Na2SiO3 enters to the polymerization process if it can avoid from 
amorphous silica. Since amorphous silica dissolves in water slowly and needs 340℃ 
temperature, it takes long time. Therefore, it can’t enter to the reaction with water easily 
and polymerization doesn’t happen at the end. By his correlation, he presented that the rate 
of polymerization depends on the PH and temperature of the solution and silica 
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concentration in Na2SiO3. For our drill-in fluid PH = 10 regardless of Na2SiO3 
concentration as it has been shown in rheology results section. The temperature is 300℉. 
The silica concentration in 0.075 wt% Na2SiO3 is determined with mol/litr unit as in below: 
Molar Weight of Na2SiO3 = 122 g/mol 
Molar Weight of SiO2 = 60 g/mol 
Weight of 0.075 wt% Na2SiO3 in 360 ml (0.36 litr) = 0.675 g 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑖𝑙𝑖𝑐𝑎 =  
60 ∙ 0.675
122




= 0.015 𝑚𝑜𝑙/𝑙𝑖𝑡𝑟 
The cross-section of PH = 10 and Silicate Concentration = 0.015 mol/litr shows that we 
just could avoid amorphous silica region and the last polymer specie of silica is 
Si4O8(OH)44-. Therefore, equilibrium reaction will be as in below: 
SiO2 + H2O ↔ Si(OH)4 
Si(OH)4 + OH- ↔ SiO(OH)3- + H2O 
 SiO(OH)3-+ OH- ↔ SiO2(OH)22- + H2O 
Si(OH)4 + 2OH- ↔ SiO2(OH)22- + H2O 
Si(OH)4 + 2OH- ↔ Si4O6(OH)62- + 6H2O 
4Si(OH)4 + 4OH- ↔ Si4O8(OH)44- + 8H2O 




OH – Si – O – Si –  Si – O – Si – OH 
 
The interaction between barite and polymerized Si4O8(OH)44- resulted in the suspension of 
barite particles, which keeps barite in colloid. The last part of the polymerization process 
is gelation. At this stage, when the gelly polymer is exposed to the ∆P, it is flushed out of 
the solution and plugs the formation face by making a film-like barrier. As a result, fluid 
invasion minimizes and solid invasion completely stops because of polymerization effect 
of 0.075 wt% Na2SiO3. 
However, at higher concentrations than 0.075 wt%, amorphous silica effect is observed. 
Na2SiO3/BaSO4 ratio of 0.1 wt% is around 0.0022, with which maximum barite flotation 
recovery – 95% can be obtained. Although, maximum recovery is obtained, but the filter 
cake thickness also increases with 0.1 wt% Na2SiO3. The silica concentration is 0.02 
mol/litr and it can be clearly observed from the silica solubility correlation that amorphous 
silica effect shows itself starting with this concentration at PH = 10. Since amorphous silica 
dissolves in water slowly, its ions bind together and make a very permeable layer between 
barite and the bridging material – CaCO3. Moreover, as the density of silica is 2.65 g/cc, 
which it is close to the density of CaCO3 (2.71 g/cc), it settles down and doesn’t let CaCO3 
to make a good bridging by taking its place. As a result, fluid finds an easy path through 
amorphous silica to enter to the formation and the amount of invasion increases. At the 
end, this causes to the settling of barite particles and increase of filter cake thickness 
because of loosing more fluid. To avoid amorphous effect at 0.1 wt%, PH of the drill-in 
OH OH OH OH 
OH OH OH OH 
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fluid has to be increased. On the other hand, having high PH is not preferable, because of 
corrosion issue. This limitation should also be taken into account. 
Additionally, it should also be noted, no segregation occurs for both polymerization and 
amorphous silica effect in aqueous solution, due to being lost of Na2O. However, observing 
the original structure of Na2SiO3 without any reaction under microscope shows that Na+ 
ions make clusters by being surrounded with O2- ions. Having no segregation in aqueous 
solution is another prove why barite particles can’t settle down easily and suspend as 
colloid. 
In conclusion, polymerization effect at ≤0.075 wt% Na2SiO3 and amorphous silica effect 
at ˃0.075 wt% are observed at PH = 10. Polymerization effect is the evidence of 
minimizing fluid invasion to the possible lowest level and obtaining 100% return 











CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The aim of this work was to prepare non-damaging drilling fluid for tight gas reservoirs 
that should reduce fluid invasion and eliminate water blockage problem and enhance well 
productivity by obtaining high return permeability. The findings showed that we reached 
to our goal even with zero-solid invasion and 100% return permeability. Based on the 
experimental results, below conclusions were made: 
 Up to 2 wt% concentration, sodium silicate doesn’t have any significant effect on 
density and PH  
 Eliminating high temperature fluid loss additive resulted in fully deflocculation at 
300℉ under 300 psi, in which both PV and YP were reduced for lower sodium 
silicate concentrations. Similarly, 10-second and 10-minute gel strength also 
decreased. 0.075 wt% showed higher PV, YP and gel strength compared with other 
low concentrations 
 The filtrate volume and filter cake thickness was reduced by 53% and 65% with 
0.075 wt% sodium silicate through 0.25” core sample, respectively. 
 The minimized fluid invasion is the evidence for the elimination of water blockage 
problem of the wells drilled into tight gas reservoirs 
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 The formed 0.7 mm filter cake is very thin and can be completely removed by 
washing it with 15 wt% HCl 
 High concentrations have a reverse effect on filtration, with which both volume and 
filter cake thickness increased 
 Bridging has an important effect on filtration test. Poor bridging reduces the effect 
of Na2SiO3. The experiment with 0.075 wt% sodium silicate on 2” core sample 
presented slightly higher fluid loss volume and filter cake thickness due to a poor 
bridging 
 Based on the filtration test results, 0.075 wt% sodium silicate concentration was 
determined as an optimum 
 Measured permeability values of 2” core sample before and after damage remained 
constant at 1.3 mD, which means return permeability is 100% in case of 100% filter 
cake removal 
 The highest solubility result obtained with 4 wt% sodium silicate. It improved the 
barite solubility method of Ba geri et al (2015) up to 82% by acting as a catalyst. 
This means filter cake removal efficiency will also increase up to 90-95%. In the 
worst scenario, if the thin filter cake couldn’t be formed, this method can be used 
and around 95% return permeability can be obtained 
 0.075 wt% concentration improved sag performance with 0.53, compared to the 
value of base fluid – 0.55. 
 Slice-by-slice and cross-sectional structural analysis and the obtained CT numbers 
confirmed the filtration test results. 
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 Barite flotation recovery and solubility concentration of silica with PH empirical 
correlations should be considered together to optimize sodium silicate 
concentration 
 Polymerization effect of 0.075 wt% sodium silicate was the mechanism for 
minimized fluid and zero-solid invasion with this concentration. It proved obtaining 
of 100% return permeability 
 Sodium silicate concentrations higher than 0.075 wt% give poor results due to 
amorphous silica effect. 
 
6.2 Future Work Recommendations 
The followings are recommended for future work: 
 To observe the effect of sodium silicate on calcium carbonate and manganese tetra 
oxide-weighted water-based drilling fluids 
 To optimize the enzyme concentration for starch so that to perform filter cake 
removal experiment with 20 wt% K-DTPA + 6 wt% catalyst + 7 wt% enzyme for 
XC polymer + 4 wt% sodium silicate 
 To check the effect of more finer bridging materials on the filtration tests with tight 
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